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Papers submitted for publication in the Biochemical Journal should be written 
concisely. The sections below concerning the preparation of the typescript give only 
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to Authors, Chemical Nomenclature and Abbreviations, Symbols, Usages and 
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Notes on Preparation of Illustrations, which was published in January 1956 
(Biochem. J. 1956, 62). Copies of these two pamphlets may be obtained from the 
Editorial Office (Biochemical Journal), The Lister Institute, Chelsea Bridge Road, 
London, S.W.1, price 1s. 6d. (Suggestions to Authors) and 1s. (Notes on Prepara- 





tion of Illustrations) post free. 


Strict observance of the requirements of the Biochemical Journal will shorten 
the period between the receipt of a paper and its publication. 


Communications. Papers submitted for publica- 
tion should be sent to the Secretary to the Editorial 
Board (Biochemical Journal), The Lister Institute 
of Preventive Medicine, Chelsea Bridge Road, 
London, 8.W. 1. 


Abstracts. Authois are requested to submit with 
their typescript an abstract suitable for inclusion in 
International Abstracts of Biological Sciences. This 
abstract will not appear in the Biochemical Journal 
but will be edited before being passed for publica- 
tion in the Abstracts. 

The abstract should outline as briefly as possible 
the results and definitive conclusions of the work 
submitted. Details of methods are generally not 
required. A paper of average length should be 
abstracted in about 100 words. The abstract should 
be typed in double spacing on a separate quarto 
sheet in the following form: title; name(s) of 
author(s); Biochem. J. (space for year, volume and 
page reference); address (for reprint applications) ; 
abstract. For example: 


The metabolism of short-chain fatty acids in the 
sheep. 4. The pathway of propionate metabol- 
ism in rumen epithelial tissue. R. J. Pennington 
and T. M. Sutherland. Biochem. J. 1956, 63, 
618-628 (Rowett Research Institute, Bucks- 
burn, Aberdeenshire, Scotland)—(Abstract). 





Reprints. Where at least one author of a paper is 
a member of the Biochemical Society, twenty-five 
reprints are supplied free of cost. An author may 
purchase additional reprints if he notifies the Press 
on the appropriate form immediately the proof of 
the paper is received. Communications about the 
purchase of reprints should be addressed to the 
University Press, Cambridge. 


General. It is the policy of the Biochemical 
Journal to publish papers in all fields of bio- 
chemistry—plant, animal and microbiological— 
provided that they describe results which make 
a new and fundamental contribution to bio- 
chemical knowledge, or that they describe methods 
applicable to biochemical problems. Submission of 
a paper to the Editorial Board will be held to imply 
that it reports unpublished work, that it is not 
under consideration for publication elsewhere, and 
that if accepted for the Biochemical Journal it will 
not be published elsewhere in the same form, either 
in English or in any other language, without the 
consent of the Editorial Board. 

Contributors who reside abroad may nominate 
somebody in Great Britain who is willing to correct 
the proofs of their papers. Proofs are also sent to 
all authors residing abroad, if necessary by airmail, 
whether or not they have nominated a proof reader 


p.t.o. 





in Great Britain; if these are returned immediately, 
it will normally be possible to incorporate correc- 
tions in the final proof. The method of correcting 
proofs given in B.S. 1219 or B.S. 1219C (obtainable 
from the British Standards Institution) is preferred. 

Papers should be headed by an informative title, 
by the names of the authors and by the name and 
address of the Laboratory where the work was 
performed. Female authors should use one given 
name and the surname, and male authors should 
use initials and surname only. Descriptive material 
about the author, e.g. Beit Memorial Fellow, or 
details of financial support, should appear as a 
footnote on the first page or, preferably, in the 
acknowledgements at the end of the paper. 

Typescripts should bear the name and address of 
the person to whom the proof of the paper is to be 
sent, and should give also a shortened version of the 
title, not exceeding forty-five letters and spaces in 
length, suitable for a running title in the published 
pages of the work. 

If a paper that has been returned to an author for 
revision is not resubmitted within six months, it 
will be deemed to be a new paper and the date of 
receipt altered accordingly. A revised paper con- 
taining a significant amount of new material will 
also be redated. 

A paper should be written only when a piece 
of work is rounded off. Preliminary or abortive 
experiments should not be described. 

It would help the editors if the author, when 
submitting a paper which is part of a series, would 
enclose reprints of the immediately preceding parts. 


Form of papers submitted for publication. 
Papers should be in double-spaced typing on sheets 
of uniform size with wide margins. Top copies only 
should be submitted. The paper should be written in 
English. 

The onus of preparing a paper in a form suitable 
for sending to press lies in the first place with the 
author, who should first consult the detailed 
Suggestions to Authors, Chemical Nomenclature and 
Abbreviations, Symbols, Usages and Conventions. 
Authors should also refer to a current issue of 
the Journal in order to make themselves familiar 
with the typographical conventions, use of cross- 
headings, lay-out of tables, citation of references, 
etc. The need for editorial revision of a badly pre- 
pared typescript will lead to delay in publication. 
Papers on specialized subjects should be presented 
so that they are intelligible to the ordinary reader 
of the Journal. Sufficient information should be 
included to permit repetition of the experimental 
work. 


Generally, papers should be divided clearly into 
sections, as follows: (a) introduction, containing 
the reasons for doing the work; (b) Experimental 
methods: with chemical papers the experimental 
part may appear towards the end, but otherwise 
should follow the introduction; (c) Results: these 
should be given concisely; the use of both tables 
and figures to illustrate the same results will only 
rarely be permitted; only illustrative protocols 


should be included; (d) Discussion: it is desirable | 


that the presentation of the results should be 
separated from the discussion of their significance; 
this section should be strictly limited to discussion, 
and should not recapitulate results; (e¢) a Summary, 
about 3% of the length of the paper : the paragraphs 
of the Summary should be numbered; (/) acknow- 
ledgements; (g) References. The arrangement 
suggested for sections (b)—(d) is not binding on 
authors; other ways of arrangement are sometimes 
more suitable. 

The Biochemical Journal uses as a standard for 
spelling the Concise Oxford Dictionary of Current 
English (Oxford: Clarendon Press). 


Illustrations. Diagrams that do not conform with 
the directions given in Notes on Preparation of 
Illustrations may have to be redrawn by the Press 
and the expense charged to the author. Legends and 
captions should be written so that the general 
meaning of each illustration can be understood 
without reference to the text, and so that the exact 
experimental conditions used to obtain the results 
illustrated are made clear. Illustrations requiring 
reproduction as half-tone plates should be avoided 
whenever possible. Photographs or drawings of 
paper chromatograms, particularly one-dimen- 
sional, are not generally published. 


Tables. Tables should have headings which make 
their general meaning comprehensible without 
reference to the text. Conditions specific to the 
particular experiment should be stated. Reference 
to the text for general experimental methods is 
permissible provided that there is no ambiguity. 
The units in which the results are expressed, e.g. 
g./100 ml., should be given at the top of each 
column, and not repeated on each line of the 
table. 

Tables should be typed on separate sheets and 
their approximate position in the text indicated. 
Words or numerals should be repeated on successive 
lines: ‘ditto’ or ‘,,’ are not to be used. 


Footnotes. These should be avoided in the text as 
far as possible. 
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Changes Induced by E-Avitaminosis on the Proteins 
of Rabbit-Muscle Extracts 


By G. 
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Unit for the Study of Physiopathology, National Research Council, and Institute of General Pathology, 
University of Modena, Italy 


(Received 6 August 1957) 


A number of biochemical studies have been carried 
out in recent years on muscle affected by E- 
avitaminotic dystrophy in order to discover the 
primary biochemical changes responsible for the 
onset and the development of the dystrophic 
condition. 

Since 1951 Aloisi and co-workers have shown 
that in this condition quantitative and qualitative 
changes take place in the contractile proteins of 
rabbit muscle (see Aloisi, 1951; Aloisi, Ascenzi & 
Bonetti, 1953). The myosin content of muscle- 
fibre extracts decreases rapidly and actin loses 
its power of polymerization (Aloisi, Ascenzi & 
Bonetti, 1952a, b, c; Bonetti, Aloisi & Merucci, 
1952). 

There is also other circumstantial evidence that 
in the dystrophic condition actin or actomyosin 
can be found in a depolymerized form: observa- 
tions with the polarizing microscope and electron- 
microscopic investigations on isolated dystrophic 
myofibrils (Bompiani, 1954) and on solutions of 
muscle proteins (Aloisi et al. 1952a) are consistent 
with this assumption. Also Feuer & Frigyes (1952) 
have found a loss of myosin in nutritional dys- 
trophy, and Crepax (1952) has obtained the same 
results by electrophoretic investigations on muscle 
extracts. This author has also shown two gradients 
which are supposed to correspond to the G-actin 
and to the Y-protein of Dubuisson (1950). In late- 
lactation paralysis of rats Rumery, Mauer & 
Mason (1955) have found a reversible decrease of 
a fraction of muscle proteins which seems to 
correspond with actomyosin. 

Changes in myosin and in actomyosin have also 
been found by Fischer (1950) in denervation 
atrophy. In this condition actomyosin has been 
reported to have a diminished capacity for con- 
traction, and myosin is less uniform in dispersity 
and has decreased adenosine triphosphatase 
activity. 

The purpose of our work has been to analyse in 
some detail the changes of contractile proteins 
during the development of the dystrophy. A pre- 
| liminary note on the results here presented has 
already been published (Azzone & Aloisi, 1955). As 
will be shown below, we have divided muscle 


extracts made by extraction at high ionic strength 
into three parts which have been called fractions I, 
If and ITT. 

Fraction I in normal muscles corresponds to the 
part which is discarded as actomyosin during the 
preparation of myosin (Szent-Gyérgyi, 1945; 
Mommaerts & Parrish, 1951); fraction II corre- 
sponds to myosin; fraction III is obtained from the 
muscle extract by precipitation with ammonium 
sulphate at 48% saturation, after separation of 
myosin and actomyosin. We have chosen this 
nomenclature since our data show that the usual 
procedures for separating myosin and actomyosin 
cannot be relied upon in advanced dystrophy and 
the fractions obtained from dystrophic muscles are 
differently constituted, when compared with those 
obtained from normal rabbits. 


METHODS 


Young rabbits (0-7-1 kg.) were divided into two groups: 
the first group was kept on the diet of Houchin & Maittill 
(1942) slightly modified by Aloisi et al. (19526); the control 
animals were fed on the same diet supplemented with 
50 mg. of «-tocopherol given by mouth twice weekly. 
Animals in the first group were killed after variable periods 
in order to follow the development of changes in con- 
tractile proteins. The animals were kept on the diet for 
different lengths of time and were classified as subdystro- 
phic or fully dystrophic according to the absence or the 
clear appearance respectively of clinical and histopatho- 
logical signs of dystrophy. Muscle sections were examined 
histologically and submicroscopically by polarized light. 
Animals in the second group were killed after 1 month and 
muscles were examined in the same way as those from the 
first group. Forty-eight rabbits were employed in the 
experiments here described. 

Protein extraction. The muscles, obtained from the killed 
animals (previously anaesthetized with MgSO,), were 
chilled in ice, minced and extracted with Guba & Straub 
(1943) solution (pH 6-5; J 0-55) for 15 min. at 0°. The sus- 
pension was pressed through cloth and centrifuged. The 
separation of the contractile proteins was carried out 
either according to Mommaerts & Parrish (1951) by 
dialysis or according to Szent-Gyérgyi (1945) by dilution. 
In the first case, the extract was dialysed against distilled 
water (10 vol.) and centrifuged; the precipitate was dis- 
solved in 0-5m-KCl, then diluted to 0-25 and centrifuged. 
The centrifuged precipitate is called fraction I. 
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In the second procedure the extract was diluted with 
4 vol. of water (i.e. to J 0-1) and then allowed to super- 
precipitate; this precipitate is also called fraction I. After 
separation of fraction I in both cases the solutions were 
diluted to J 0-05. The precipitate so obtained (which in 
normal animals should correspond to myosin) is called 
traction II. Fractions I and II were washed with 0-02m- 
KCl and redissolved in 0-5m-KCl. Any material remaining 
undissolved was separated by centrifuging at 15 000 rev./ 
min. 

To the supernatant of the Guba & Straub extract, after 
separation of fraction II at J 0-05, 30 g. of (NH,).SO, (48% 
saturation) was added for every 100 ml. of solution. After 
3 hr. the precipitate was spun down, then dissolved in a 
little water and dialysed against 0-02mM-KCl to eliminate 
any free ammonium salt. The solution was then adjusted to 
0-2m with respect to KCl and centrifuged to remove any 
insoluble material; the clear supernatant solution is called 
fraction III. 

Usually fraction I was prepared from Guba & Straub 
extract treated by the dilution method, and fractions IT 
and III were prepared from extract treated by the dialysis 
method. 

The protein concentration of every fraction was esti- 
mated as nitrogen after digestion, by the micro-Kjeldahl 
technique. The nitrogen values are multiplied by 6-25. 

Salting-out curves. On the above-mentioned protein 
solutions salting-out experiments were performed according 
to a slightly modified form of the method described by 
Tenow & Snellmann (1954). To every tube 3 ml. of water 
and (NH,).SO, in varied quantity were added, in order to 
reach the desired degree of saturation in a final volume of 
5 ml. A protein solution was prepared containing 3 mg. 
of protein/ml. of 0-1M-phosphate buffer, pH 7, which was 
also 0-65 with respect to KCl. Of this solution 2 ml. was 
then added, with shaking, to each tube. The solutions were 
placed in a cold room for 18—20 hr. to establish equilibrium 
between the phases. The suspensions were then filtered 
through Whatman no. | filter paper in the cold room and 
the absorption of the filtrates was measured whilst still 
cold, at 278 and 250 my. Readings at the latter wave- 
length were made in order to estimate the nucleotide 
content of all filtrates. The complete absorption curves of 
those filtrates corresponding to 12, 26-27 and 50% satura- 
tion of (NH,),SO, were then plotted by subtracting the 
corresponding readings of each filtrate from those of the 
preceding one, for the purpose of obtaining the u.v. spectra 
of the main components demonstrable by the salting-out 
curves. The latter were obtained, by the method of 
Snellman & Tenow (1954), by plotting —dS/dC against C 
and taking equal to 100% the amount of protein in the 
solutions in which precipitation had not taken place 
[S, absorption; C, percentage of saturation with (NH,),S0O,]. 

Electrophoresis. The protein solutions were dialysed for 
36-48 hr. against the medium used for the electrophoresis; 
this contained: 0-25mM-KCl; 0-004m-KH,PO,; 0-032m- 
Na,HPO,; pH 7-4, IJ 0-35 (Crepax, 1951). The electro- 
phoresis was performed in a Perkin-Elmer apparatus 
(model 38 A) for 10-12 hr. The conductivity of the solutions 
and the mobility of the gradients were estimated. 

Precipitation curves at different concentrations of 


potassium chloride. The solubility curves of protein solu- 
tions in KCl] were obtained as follows: a batch of tubes was 
prepared containing equal amounts of protein solution 
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with phosphate buffer, pH 6-8, and to each of them KC] 
and water were added in order to have the desired molarity 
in a final volume of 5 ml. The tubes were shaken, centri- 
fuged, or the contents filtered on Whatman no. 1 paper, 
and the absorption was measured at 278 mu. In the pre- 
cipitation experiments in the presence of adenosine tri- 
phosphate (ATP) the protein concentration in the pre- 
cipitate and in the supernatant was determined by the 
biuret reaction, according to Gornall, Bardawill & David 
(1949). 

Viscosity. Viscosity measurements were carried out in 
Ostwald viscometers, at 0° in 0-5m-KCl, without and with 
added ATP. The viscosity number and the ATP sensitivity 
were calculated according to Weber & Portzehl (1952). 

Determination of nucleic acids. The extraction of nucleic 
acids was carried out according to Ogur & Rosen (1950). 
Protein solutions were extracted successively with ethanol, 
hot ethanol-ether and ether. The dried material was 
weighed, extracted with n-HCIO, and the resulting solution 
was centrifuged after 20 hr. The absorption of solutions 
was then measured at 260 my and analysis for phosphorus 
and ribose content was carried out. 

Phosphorus analyses were performed according to 
Berenblum & Chain (1938). Ribose was estimated by the 
orcinol reaction (Ogur & Rosen, 1950). The orcinol was 
twice recrystallized from benzene. Purines and pyrimi- 
dines were determined chromatographically by the method 
of Smith & Markham (1950). 

Enzymic activity of muscle proteins. Adenosine triphos- 
phatase activity was determined at 25° in glycine buffer, 
pH 9, with CaCl, (total volume 2 ml.). The reaction was 
stopped by adding 1 ml. of 10% (w/v) trichloroacetic acid 
and free phosphorus was determined by the Berenblum & 
Chain (1938) method. 


RESULTS 


Analysis of fraction I. In normal rabbits a dilu- 
tion (1:5) of a Guba & Straub (1943) extract pro- 
duces, after a lag time due to splitting of ATP, the 
precipitation of the fraction I which only in part is 
constituted by true F-actomyosin and which con- 
stitutes a variable proportion (10-30%) of the 
myofibrillar proteins present in the extract. On the 
other hand by diluting (1:5) a Guba & Straub 
(1943) extract prepared either from subdystrophic 
rabbits or from rabbits in advanced dystrophy a 
large precipitate of proteins formed rapidly; this 
contained 60—-100% of the myofibrillar proteins 
contained in the extract. In normal muscle the 
extractability of fractions I+TII is in the range of 
15-18 mg./g. of muscle; these values are reduced in 
subdystrophic animals to 8-12 and in advanced 
dystrophy to 4-5 mg./g. of muscle (averages from 
six to eight experiments). 

The salting-out curves and the electrophoretic 
patterns reveal that the composition of fraction I 
and therefore its physicochemical properties 
change according to the development of the dys- 
trophic process. Fraction I always does in fact 
contain a mixture of actomyosin and myosin but, 
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in subdystrophic animals, the salting-out curves 
(Fig. 1) show a small first component which pre- 
cipitates at 14-16% (a small amount of which is 
present also in the normal), a small precipitate at 
30% saturation (actomyosin) and a main com- 
ponent which precipitates at 38-42 % (myosin). In 
the electrophoretic patterns obtained from more 
advanced dystrophic animals (Fig. 2) there is a 
considerable increase of the first component which 
precipitates at 12-16%; there is always a large 
precipitation 30%, but the 
amount of the component which is precipitated at 
38-42 % (myosin) is clearly decreased. 

It seems therefore evident that whereas in sub- 
dystrophic animals larger amounts of the myosin 
precipitate in fraction I, together with the F- 
actomyosin of this fraction, in advanced dystrophy, 
owing to the loss of myosin, fraction I appears to 


between 20 and 


consist mainly of actomyosin and the unknown 
component. The predominance of myosin in frac- 
tion I of subdystrophic animals is likely to explain 
the physicochemical properties of this fraction, as 
reported below. 

The electrophoretic patterns confirm the salting- 
out curves. Electrophoresis of fraction I from sub- 
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Fig. 1. Salting-out curve of fraction I from subdystrophic 
animals. For details see the text. 
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Fig. 2. Salting-out curve of fraction I from dystrophic 


rabbits. For details see the text. 
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dystrophic animals (Fig. 3) shows a main com- 
ponent which has the mobility of myosin 


(2-8 x 10-5 em.? v—! see.—1); 


this gradient after electrophoresis for 10-12 hr. 
may show a very slight tendency to split (confirm- 
ing therefore the presence of scanty amounts of 
actomyosin); behind myosin there is a very small 
peak with a mobility intermediate between that of 
myosin and that of the group of myogens (about 
2-2 x 10> em.?v—! see.—!). 
in advanced dystrophy shows, on the contrary, 


Fraction I from rabbits 


well-distinguished actomyosin and myosin peaks 
(Fig. 4); behind them there is another peak, often 
very abundant and sometimes splitting into two or 
three components, with a mobility between 2-1 and 
1-6 x 10-5 cm.? v— sec.—. 

Potassium chloride-precipitation curves of frac- 
tion I from subdystrophic animals are close to 
those of myosin (that is, complete solubility is 
found in 0-1mM-KCl); if, however, the KCl-precipita- 
tion curve is carried out in the presence of ATP, a 
large precipitate with 0-1mM-KCl is formed, involv- 
ing 50-90 % of the total protein (Fig. 5). KCl-pre- 
cipitation curves of fraction I from animals in 


Fig. 3. Electrophoretic patterns of fraction I from sub- 


dystrophic rabbits: Electrophoresis for 668 min. at 


2-66v/em., 10-35, pH 7-4; conen., 7-6 mg. /ml. The 
ascending front is shown on the top. 


11-2 
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advanced dystrophy seem to be more similar to 
that of actomyosin, since a gradual increase of 
solubility is observed from 0-1 to 0-3mM-KCl. The 
viscosity measurements confirm also the different 
composition of fraction I from subdystrophic and 
dystrophic rabbits. In the former the viscosity 
values are almost identical with those of myosin 
and the sensitivity to ATP is very low (Table 1); in 
the latter, on the contrary, there is a high viscosity 
and a high sensitivity to ATP. 

Analysis of fraction II. This fraction (which is 
diluting to J 0-05) in normal 
exclusively myosin. 


precipitated by 
almost 


extracts is 


muscle 








Fig. 4. Electrophoretic patterns of fraction I from dystro- 
phic rabbits. Electrophoresis for 610 min. at 2-32v/cm., 
I 0-35, pH 7-4; conen., 6-7 mg./ml. The upper pattern 
corresponds to the ascending front. 


Table 1. 


Viscosities without ATP were calculated as: Zy= 
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(Zn without ATP) - (Zy with ATP) 
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Some preliminary observations (Azzone & Aloisi, 
1955) on this fraction seemed to suggest that 
solubility and viscosity changes in myosin were 
appearing during dystrophy. Later experiments 
have demonstrated that this hypothesis was in- 


correct, since fraction II in dystrophic muscles is | 


not composed solely of myosin, and therefore the 
solubility and viscosity changes of fraction II 
cannot be attributed to myosin itself. 

In advanced dystrophy a dramatic decrease of 
this fraction takes place up to a point where only 
scanty amounts of it can be obtained [average 
about 0-7 mg./g. of muscle instead of 15 mg./g. in 
normal muscle (six experiments) ]. 

Ammonium sulphate salting-out curves show 


that, in fraction II from dystrophic muscles, the | 


component which is precipitated at 12—16 % satura- 
tion is clearly predominant; only a small precipi- 
tate is found at 30% and an even smaller one at 
‘ 90/ (Rr: . 

38-42% (Fig. 6). 
show that in this fraction from normal or sub- 
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Fig. 5. Precipitation curves in potassium choride solution 


of fraction I from subdystrophic rabbits: O, with ATP 


added; A, without ATP added. 





Viscosity measurements 


Sensitivity was calculated, according to Weber & 





Portzehl (1952), from the equation: sensitivity 


are averages from the number of experiments indicated. 


No. of 
Peaniznn S experiments 
Subdystrophic rabbits 9 
Dystrophic rabbits 5 
Fraction IT 
Dystrophic rabbits 6 


Zn with ATP 


Without With ATP 
ATP added Sensitivity 
0-2 0-19 5 
0-25 0-19 28 
0-13 0-13 0 


x 100; c=conen. in mg./ml. Figures 


The electrophoretic patterns | 
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Fig. 8. Electrophoretic patterns of fraction II from dystro- 

phic rabbits. Electrophoresis for 570 min. at 2-32v/cm., 
I 0-35, pH 7-4; conen., 9-4 mg./ml. The upper figure 
shows the ascending front. 
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Fig. 6. Salting-out of fraction II from dystrophic rabbits. 
For details see the text. 
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Fig. 9. Potassium chloride-precipitation curve of fraction 
II. O, Fraction II from dystrophic rabbits; A, fraction 
II from normal animals. 


dystrophic animals (Fig. 7), the main component 

has a myosin mobility; on the contrary, in dystro- 

phic rabbits (Fig. 8) the peak showing myosin 

mobility is much reduced or is present only in 

traces, and a component predominates which has 

a low mobility (1-4 x 10-5 em.?v— see.) and which 

seems to have a slow diffusibility. The latter corre- 

sponds to the protein material which precipitates 

at 12-16 % saturation with (NH,),SO,. Moreover, 

we have noted the presence of a very small peak 

Fig. 7. Electrophoretic patterns of fraction II from sub- with very high mobility (12 x 10~ cm.*v~ sec.~) 

dystrophic rabbits. Electrophoresis for 570 min. at which is running very quickly out of both fronts. 

2:32v/em., 10-35, pH 7-4; conen., 9-45 mg./ml. The In these experiments there has always been found 
ascending front is shown on the top. a considerable anode—cathode asymmetry. 
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Table 2. 


Nucleic acid content 


Ribonucleic acid (RNA) content has been calculated by assuming a P content in RNA of 8-4%, as found by Smith & 


Markham (1950) for yeast ribonucleic acid. 


P content 


Preparation (%) 

Fraction I A 0-59 
Fraction I] A 0-43 
B 0-73 








Fig. 10. Electrophoretic patterns of fraction III from 
normal rabbits. Electrophoresis for 663 min. at 2-32v/ 
em., J 0-35, pH 7-4; conen. 11 mg./ml. The ascending 
front is shown on the top. 
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Percentage saturation with ammonium Sulphate 
Fig. 11. Salting-out curves of fraction III from normal 
animals. In the upper curve the solutions were filtered 
at 0°; in the lower the solutions were refiltered at room 
temperature. 


Fraction II from dystrophic muscles has a 
KCl-solubility curve completely different from 
normal myosin and seems clearly to be less soluble 
(Fig. 9). The drop in viscosity of fraction II 
parallels the changes in the salting-out and electro- 
phoretic patterns (Table 2); this fraction has no 
sensitivity to ATP. On the other hand, enzymic 


*Purine-bound’ P/ribose 


NA —- . 
(% €p Ribose (%) Ratio 
7-0 9-400 1-5% 0-39 
5-1 9-960 1-45 0-3 
8-7 9-390 2 0-36 


determinations show that in advanced dystrophy 
fraction IT has retained only traces of adenosine 
triphosphatase activity (Qp between 0 and 229, 
measured on six preparations), whereas a certain 
adenylic-deaminase activity is still present. 
Analysis of fraction III. Whereas fractions I and 
II correspond in normal muscle to well-defined and 
-studied protein entities (respectively actomyosin 
and myosin), fraction III is, even under normal 
conditions, made up of a mixture of proteins not 
yet defined. 
Methods section, this fraction is collected by adding 
30 g. of (NH,),SO, to 100 ml. of the supernatant 
fraction II. The 
analysis of this fraction has been carried out on the 


studied and As explained in the 


solution, after separation of 
assumption that a part of the myosin could still be 
soluble, in dystrophic-muscle extracts, at I 0-05, as 
found by Fischer (1950) in denervation atrophy. 
Moreover, this fraction is rather interesting since it 
probably concerns also the so-called ‘extra material’ 
of Szent-Gyérgyi, Mazia & Szent-Gyérgyi (1955), 
which is composed of proteins extractable from 
myofibrils at high ionic strength, but which remain 
in solution during separation of myosin and acto- 
myosin. 

The salting-out and the electrophoretic diagrams 
of this fraction from normal muscles show that it is 
made up of at least three components (Figs. 10 and 
11); the first of these, which moves faster on 
electrophoresis, is very likely to be tropomyosin; 
in fact, pure rabbit tropomyosin added to the 
solution does not separate from this faster peak 
during electrophoresis. In our Laboratory, Corsi 
(1957a, b) has demonstrated that one of the com- 
ponents of the ‘extra material’ of Szent-Gyérgyi 
et al. (1955) is tropomyosin. 

Behind tropomyosin there is a main component 
which has a mobility like that of myosin 


(2:7-2-8 x 10-5 cm.?v-! sec.—!) 


and which sometimes, after prolonged electro- 
phoresis, appears to be splitting (as in Fig. 10); 
behind this, there is another small gradient with a 
slower mobility. The main component might be 
partly related to the Y-protein of Dubuisson (1950) 
since his extraction procedure is very similar to ours. 

The salting-out curves carried out at 0° reveal, 
however, a peculiar phenomenon (Fig. 11). After 
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an initial precipitation at 26% saturation a re- 
peated redissolution and reprecipitation of protein 
material up to 50% saturation is observed. This 
phenomenon disappears when the tubes are filtered 
at room temperature. This is probably connected 
with the formation of unstable complexes in the 
presence of tropomyosin; another example of a 
similar phenomenon has been shown, by Snellmann 
& Tenow (1954), to occur in the presence of uterine 
actotropomyosin. 

Fraction III prepared from dystrophic rabbits 
has the following properties: (a) the amount of the 
fraction as a whole is clearly increased in com- 
parison with normal values: from 2-2 to 4-4 mg./g. 
of muscle (five experiments); (b) the salting-out 


diagram at 0° no longer shows the phenomenon of 


the redissolution of the precipitate (Fig. 12) but the 
regular 50% 
saturation; (c) in the electrophoretic patterns the 


precipitation is between 26 and 
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Fig. 12. Salting-out curves of fraction III from dystrophic 
animals. As in Fig. 10, the two curves show the differ- 
ence between filtration in the cold (upper) or at room 
temperature (lower). 


nN 


Fig. 13. Electrophoretic patterns of fraction III from 
dystrophic rabbits. Electrophoresis for 512 min. at 
2-32v/em., J 0-35, pH 7-4; conen., 10-7 mg./ml. The 
ascending front is shown on the top. 
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faster gradient of tropomyosin is not distinguish- 
able any more but it seems to be confused with the 
intermediate 


main giving a 


(Fig. 13) which runs with a mobility higher than 


component, peak 
that of the intermediate component in the normal 
(3-4 x 10-5 cm.?v-! sec.-');_ (d) contrary to the 
normal, in fraction III there are always present 
traces of adenosine triphosphatase activity which 


is enhanced by Ca**+ and not by Mg?* ions. 
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Fig. 14. Total organic P content in different preparations 
of fraction I. The ordinate gives the extinction at 
278 myu/mg. of protein. 
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Fig. 15. Ultraviolet-light absorption spectra of the 


different components present in the salting-out curve of 
fraction I from dystrophic rabbits: A, B, C and D indi- 
cate the whole fraction, the components between 12 and 
26%, the components between 26 and 50% and the 
final supernatant respectively. 
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In fractions I and II of 
normal animals the extinction at 250 my (E.0,) is 
respectively 0-6 and 0-5 (four experiments). In 
dystrophic animals these values are always 
markedly increased: in five experiments we had 
1-3 for fraction I and 3-3 for fraction II. Also the 
278/250 mp absorption ratio is changed in dys- 
trophy: the normal values of 1-4 and 1-5 (for 


Ultraviolet spectra. 


fractions I and II respectively) are decreased to 1-0 
and 0-8. 

In fraction I the increase in the extinction 
coefficient has been found to be related to the total 
organic phosphorus content (Fig. 14). From the 
u.v. spectra of the different components as revealed 
by the salting-out curves of fractions I and II 
(Figs. 15, 16) we realize that the shift in the ab- 
sorption maximum from 278 to 260 my concerns 
particularly the first component which precipitates 
at 12-16 % saturation. 

Above 50% saturation the absorption (278 m,) 
of filtrates of salted-out fractions I and II from 
dystrophic muscles is markedly increased: 20% of 
the initial absorption is here still present, instead of 
5-6 % as in normal cases. 

Nucleic acid content. The assumption that the 
u.v.-light shift should mainly be due to an in- 
creased nucleic acid content was found to be true 
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Fig. 16. Ultraviolet-light absorption spectra of the differ- 
ent components present in the salting-out curve of 
fraction II from dystrophic rabbits: A, B, C, D indicate 
the whole fraction, the components between 12 and 
26%, the components between 26 and 60% and the 
final supernatant respectively. 
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by extraction and analysis of the three fractions 
studied. Apart from fraction III, which has a low 
nucleic acid content, our results (Table 2) show 
that considerable amounts of ribonucleic acids 
(5-8 %) are present in both fraction I and II. The 
presence of ribonucleic acid was confirmed by 
chromatographic analysis where, after hydrolysis 
with N-HCl, four spots were recognizable, namely, 
those of guanine, adenine, cytidylic and uridylic 
acids. Dische’s (1955) reaction with diphenylamine, 
carried out on hot 0-5N-perchloric acid extract 
(Ogur & Rosen, 1950), has failed to reveal any 
trace of deoxyribonucleic acid. 


DISCUSSION 


From the results here reported it seems evident 
that during the dystrophic changes in muscle 
fibres in E-avitaminosis the proteins extractable at 
high ionic strength undergo different biochemical 
changes. Besides a considerable quantitative 
decrease of protein present in the extract (particu- 
larly of myosin) (see also Bonetti et al. 1952; Feuer 
& Frigyes, 1952; Crepax, 1952) there is also a sharp 
change in the composition of the different fractions 
obtained. 

To fraction I belong the proteins which pre- 
cipitate suddenly by diluting the extract to J 0-1; 
according to Szent-Gyérgyi (1945) they are super- 
precipitated by the splitting of ATP. In normal 
muscles only actomyosin is precipitated at this 
ionic strength and it can carry down during pre- 
cipitation a part of the myosin; in dystrophic 
muscles we find that a variable amount of acto- 
myosin is mixed in the precipitate at J 0-1 with 
most of the myosin present in the extract. It 
follows that in subdystrophic rabbits fraction I will 
therefore show nearly all the physicochemical 
properties of myosin (but it can be superprecipi- 
tated with ATP at J 0-1), whereas in fully dystro- 
phic rabbits, owing to the loss of myosin and to the 
increase of F'-actomyosin, fraction I will change 
some of its properties (solubility in potassium 
chloride, viscosity number and ATP sensitivity; 
see Weber & Portzehl, 1952; Bailey, 1954) to 
those of actomyosin. It is possible that the in- 
creased amount of fraction I and consequently 
the higher content of myosin in this fraction 
in subdystrophic animals is to be related to the 
formation of a labile coupling of myosin with 
depolymerized actin (G-actomyosin). In fact, 
G-actin is present in the extracts of dystrophic 
muscles, as was shown by Crepax (1952). 

On the other hand, the increased F'-actomyosin 
content of fraction I in rabbits in advanced 
dystrophy may be related to the general metabolic 
disorder of degenerated muscles, which are sup- 
posed to contain a decreased amount of ATP (see 
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Feuer & Frigyes, 1952), a condition which favours 
the formation of actomyosin during extraction. 

Our results confirm the experiments of Dinning 
and others (Young & Dinning, 1951; Dinning, 
1955), who have demonstrated an increased turn- 
over of liver and muscle nucleic acids in E-avit- 
aminosis and a high content of nucleic acids in 
dystrophic muscles. The presence of these nucleic 
acids (or of nucleoproteins, as may be suggested by 
the presence of a very fast component in the electro- 
phoretic patterns) may probably explain the ano- 
malous behaviour of fraction ITI in the salting-out 
and in the electrophoretic patterns. In fact 
Snellmann & Tenow (1954) have observed that 
actotropomyosin from the gravid uterus can easily 
be dissociated (showing thereby a different be- 
haviour from this protein in the non-gravid uterus) 
because of a decreased nucleic acid content, and 
have suggested that ribonucleic acid may deter- 
mine the formation of more stable heterogeneous 
protein complexes. We believe, however, that a 
more characteristic and specific phenomenon 
during dystrophy is the appearance in quite large 
amounts of a component which precipitates at 
12-16 % saturation of ammonium sulphate in the 
salting-out curves. This component is present both 
in fractions I and IT; in the latter it may constitute 
the major part of the fraction. When this com- 
ponent is found, as it is always in advanced dys- 
trophy, it has a homogeneous electrophoretic be- 
haviour in fraction II, whereas it is heterogeneous 
in fraction I and has a very slow mobility. The 
solubility properties of this component suggest that 
it is related to the myofibrillar proteins (its 
solubility in potassium chloride is rather similar to 
those of myosin and actomyosin) but its electro- 
phoretic mobility is not comparable with any of the 
normal myofibrillar protein so far studied. Further 
work is in progress in order to identify and to study 
this new protein component which is particularly 
evident in the dystrophic condition and which may 
therefore be considered as ‘abnormal’ and is 
probably related to the processes which lead to the 
degeneration of muscle fibres. 


SUMMARY 


1. A muscle extract made at high ionic strength 
obtained from E-avitaminotic rabbits has been 
divided into three fractions corresponding (a) to 
actomyosin, (b) to myosin, and (c) to the proteins 
salted-out from the supernatant at 48 % ammonium 
sulphate saturation. Total extractable proteins are 
decreased in dystrophy and the proportions of the 
three fractions are also changed. 

2. The first fraction, which is normally precipi- 
tated as actomyosin by the splitting of adenosine 
triphosphate, has mainly the physicochemical pro- 
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perties of myosin in subdystrophic animals, where- 
as in fully dystrophic rabbits the viscosity and 
potassium chloride-solubility properties are those 
of actomyosin. Salting-out and electrophoretic 
patterns of this fraction in advanced dystrophy 
also show a marked decrease of myosin content, 
and an unknown component appears which has a 
slower electrophoretic mobility and precipitates at 
lower ammonium sulphate saturation. 

3. The second fraction still retains its myosin 
properties in subdystrophic rabbits, but in ad- 
vanced dystrophy several changes take place: a 
decrease in viscosity, in potassium chloride- 
solubility and in adenosine triphosphatase activity. 
These effects are to be correlated with the disap- 
pearance of myosin as shown by salting-out and 
electrophoretic experiments; the latter indicate 
also that in this fraction the unknown component 
which is precipitated at 12-14% saturation with 
ammonium sulphate predominates and has a very 
low electrophoretic mobility. 

4. Under normal conditions the third fraction 
contains, amongst other components, tropomyosin 
and Y-protein, but in dystrophic rabbits these 
proteins have a strong tendency to unite in rather 
stable complexes which probably include tropo- 
myosin. 

5. Fractions I and II show a high content of 
ribonucleic acid, in advanced dystrophy. 


This work was aided by a grant from the Muscular 
Dystrophy Associations of America Inc. 
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The Hydroxylation of Nicotinic Acid by Pseudomonas fluorescens 


By A. L. HUNT,* D. E. HUGHES anv J. M. LOWENSTEIN{ 
Department of Biochemistry and Medical Research Council Unit for Cell Metabolism, University of Oaford 


(Received 5 December 1957) 


It has been shown that cell-free extracts of 
Pseudomonas fluorescens strain KB1 convert 
nicotinic acid into 6-hydroxynicotinic acid and 
that these extracts do not further oxidize this 
compound (Hughes, 1955). This paper reports 
studies in which 18O-labelled oxygen has been used 
as a tracer to determine the origin of the hydroxyl 
group. It is concluded that the oxygen appearing 
in the hydroxyl] group of 6-hydroxynicotinic acid is 
derived from water. Preliminary findings of this 
work have already been communicated (Hunt, 
Hughes & Lowenstein, 1957). 


EXPERIMENTAL AND RESULTS 


Growth of organisms. Pseudomonas fluorescens strain 
KB1 (Kogut & Podoski, 1953) was grown in 8 1. batches of 
medium containing inorganic salts (Hughes, 1955), yeast 
extract (Oxo Ltd.) 0-05% and nicotinic acid 0-1%, 
aerated at the rate of 5-61. of air/min. After growth for 
16-24 hr. at 20-25° the cells were collected by centrifuging, 
washed well in 0-9 % NaCl and stored at — 15° until needed. 

Preparation and handling of cell-free extracts. The washed 
cells were crushed in a Hughes (1951) press at —25° to 
— 20° without the addition of abrasive. After crushing, the 
very viscous material was homogenized in a stainless-steel 
Potter-type homogenizer in an equal volume of ice-cold 
0-5mM-KH,PO,—Na,HPO, buffer, pH 7-0, and centrifuged in 
50 ml. cups for 20 min. at 1200 g. The viscous and cloudy 
supernatant was decanted from the more solidly packed 
intact cells and cell debris. It was stored at -20° until 
wanted and then thawed in ice-water, and added to 
Warburg cups containing the various ice-cooled substrates, 
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together with several 0-5 cm. glass beads. Oxygen uptake 
was followed manometrically. After completion of the 
reaction the liquid contents of the cups were transferred to 
conical centrifuge tubes. 

Isolation of 6-hydroxynicotinic acid. In a previous paper 
(Hughes, 1955) 6-hydroxynicotinic acid was identified by 
paper chromatography, and isolated for chemical character- 
ization by solvent-extraction procedures from relatively 
large-scale incubation mixtures. For the purposes of 180 
analysis it was essential to have a method yielding micro- 
mole quantities of 6-hydroxynicotinic acid in high purity 
from Warburg flasks. Preliminary experiments indicated 
that both nicotinic acid and 6-hydroxynicotinic acid could 
be absorbed and separated quantitatively by stepwise 
elution on Dowex-2 formate resin. The following procedure 
was used. After the completion of oxidation, reaction 
mixtures were transferred to 10 ml. conical centrifuge 
tubes and deproteinized by heating in a boiling-water 
bath for 2 min. The precipitate was removed by centri- 
fuging. The supernatant was transferred quantitatively to 
a column of the formate salt of Dowex-2 ion-exchange resin 
(10% cross-linked, 200-400 mesh) with a resin bed 1 cm. in 
diameter and 5 cm. high, and a flow rate of approx. 1 ml./ 
10 min. The column was washed with 5-6 vol. of water 
until the optical density of the eluate had fallen below 
0-100 at 260 mp. Small amounts of nicotinic acid, which 
remained after the reaction, were eluted with 0-04.N-formic 
acid until the optical density at 260 my had again fallen to 
less than 0-100. The 6-hydroxynicotinic acid was then 
eluted with 0-2N-formic acid. Up to 100pmoles of the 
compound could be eluted quantitatively in three or four 
10 ml. fractions and the compound crystallized out from 
fractions containing the highest concentrations. The 
fractions containing 6-hydroxynicotinic acid were pooled 
and were evaporated slowly with gentle warming, and the 
6-hydroxynicotinic acid was recrystallized once from 4 
minimum of water and dried in vacuo over P,O;. The ratio 
E299 my!E260 my, Of the isolated material agreed with that 
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found previously by Hughes (1955) for the synthetic 
material (L299 my/ #260 my =9°5)- 

Experiments with %Q-enriched oxygen. Water enriched 
with 180 was obtained from the Radiochemical Centre, 
Amersham, Bucks. Oxygen gas enriched with 180 was 
prepared from water in a small-scale electrolysis apparatus 
run on a 90v battery, and transferred to an evacuated 
glass vessel for storage. Warburg flasks were evacuated 
and filled with 1%O-enriched oxygen from this storage 
vessel. 

The isotopic content of samples other than oxygen gas 
was measured by determining the isotopic ratio 44/46 of 
carbon dioxide on a mass spectrometer. Oxygen in samples 
of 6-hydroxynicotinic acid was converted into carbon 
dioxide by the method of Rittenberg & Ponticorvo (1956). 
Oxygen in samples of water was converted into carbon 
dioxide by equilibration with added carbon dioxide 
according to the method of Cohn (1953). The isotopic 
content of oxygen gas was measured by determining the 
isotopic ratio 32/34. 


The results of experiments on the enzymic 
oxidation of nicotinic acid in the presence of 180- 
labelled water or oxygen are shown in Table 1. 
18Q was incorporated into 6-hydroxynicotinic acid 
when its source was water, and not when it was 
gaseous oxygen. 

An additional experiment was performed as a 
control for exchange between 6-hydroxynicotinic 
acid and H,!*O. Each flask contained 0-5 ml. of 
enzyme (30 mg. of nitrogen approximately), 1 ml. 
of 180-labelled water (containing 2:46 atoms % 
excess of 18O), 1 ml. of 0-015M-6-hydroxynicotinic 
acid and 0-5 ml. of 0-5m-phosphate buffer, pH 7-0. 
The final volume was 3 ml., the temperature 30° 
end the mixture was incubated for 3hr. 6- 
Hydroxynicotinic acid was isolated at the end of 
the incubation and analysed for 480. Duplicate 
experiments showed it to contain —0-013 and 
—0:009 atom % excess of 480. This shows that 
under the experimental conditions employed there 
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was no exchange with oxygen of 6-hydroxynico- 
tinic acid and water. 

It is concluded that the oxygen of the hydroxyl 
group of 6-hydroxynicotinic acid is derived from 
water and not from gaseous oxygen. 


DISCUSSION 


The oxidation of nicotinic acid by P. fluorescens 
depends on the adaptive formation of a hydroxyl- 
ating system specific for nicotinic acid and some 
halogeno-nicotiniec acids (Hughes, 1955). Other 
hydroxylating systems are known in this organism 
(Evans, Smith, Linstead & Elvidge, 1951; Hayaishi 
& Stanier, 1951), but the details of their reaction 
mechanism have not been studied. For the purpose 
of this Discussion, hydroxylation is defined as the 
replacement of a hydrogen atom by a hydroxyl 
group. 

In hydroxylations in which the oxygen from 
molecular oxygen is incorporated into the hydroxyl 
group, the net effect is that one atom of each oxygen 
molecule is incorporated into the hydroxyl group 
while the other oxygen atom is reduced to water. 
A reducing agent is therefore required for the 
complete reaction, whether the hydroxylation 
proceeds via a dihydrodiol (Young, 1950) (equations 
1 and 2), or via a hydroperoxide (Grant, 1956) 
(equations 3 and 4). The available evidence indi- 
cates that the reducing agent is supplied in the 
form of reduced pyridine nucleotides (Brodie et al. 
1955; Grant, 1956; Hayano, Saito, Stone & Dorf- 
man, 1956; Kaufman, 1957; Mitoma, 1956), but 
other substances have been reported which may 
fulfil this role (Mason, Onopryenko & Buhler, 
1957). 

In hydroxylations in which oxygen from water 
is incorporated into the hydroxyl group, the 
net effect is that the oxygen atom of the water 


Table 1. Hnzymic oxidation of nicotinic acid 


Warburg flasks contained 2 ml. of enzyme solution (50-60 mg. of protein/ml.), 1 ml. of 0-2m-sodium nicotinate and, 
where indicated, 1 ml. of [?8O]water (2-84 atoms % excess of 180). Final volume was 4 ml.; gas phase, oxygen, or, where 
indicated, oxygen enriched with 18O (2-46 atoms % excess of 18O as determined on a sample of the flask atmosphere at the 
completion of the reaction). Temperature, 30°. Oxygen uptake was measured manometrically. Experiments were stopped 
when the rates of oxygen uptake equalled those of controls without nicotinic acid (11 zmoles of O,/hr.); the values shown 


have this blank subtracted. 


Oxygen consumption 








; a ———, 6-Hydroxy- 
Total O, nicotinic Atom % excess of 180 
18Q-enriched Rate consumed acid isolated $A ——______, 
Expt. material (umoles/hr.) (moles) (mg.) Found Cale. 
la Water 30 90 10-0 0-203 0-237 
1b Water 34 100 9-3 0-206 0-237 
2a Oxygen gas 38 84 13-3 0-004 0-820 
2b Oxygen gas 38 84 10-0 0-000 0-820 
3a None 32 94 — — 
None 38 94 — — — 
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while two hydrogen atoms are oxidized to water. 
An oxidizing agent is therefore required for the com- 
plete reaction (equation 5). This is true of certain 
aromatic hydroxylations (Young, 1950) where the 
reaction involves a hydration followed by a de- 
hydrogenation (equation 5), and also of the B- 
hydroxylation of carboxylic acids, where the com- 
pound is first dehydrogenated and then hydrated. 
The oxidizing agent generally takes the form of a 
pyridine nucleotide or a flavoprotein. 

The results presented in this paper show that the 
oxygen in the hydroxyl group of 6-hydroxynico- 
tinic acid is derived from water. No dihydro- 
monohydroxy derivative of nicotinic acid was en- 
countered in our work, but the reaction sequence 
probably involves a hydration followed by de- 
hydrogenation. Preliminary experiments indicate 
that the dehydrogenation reaction is linked to the 
cytochrome system of terminal oxidation. This is 
supported by the recent findings by Behrman 
& Stanier (1957) that cytochromes are reduced 
during oxidation of nicotinic acid. 


1. The oxidation of nicotinic acid to 6-hydroxy- 
nicotinic acid by cell-free extracts of Psewdomonas 
fluorescens has been studied with %O, and H,18O as 
tracers. 6-Hydroxynicotinic acid was found to con- 
tain the tracer when the source of #*O was water, 
but not when it was gaseous oxygen. It is con- 
cluded that the oxygen of the hydroxyl group is 
derived from water. 

2. The results are discussed in relation to 
biological hydroxylation mechanisms. 


We are grateful to Professor H. A. Krebs, F.R.S., for his 
interest and advice, and to Mr G. Dickenson for the mass- 
spectrographic analysis. This work was aided by a grant 
from the Rockefeller Foundation. 
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Oxidation of Fatty Acids by Cell-Free Extracts of a Vibrio 


By A. G. CALLELY, 8S. DAGLEY anp B. HODGSON 
Department of Biochemistry, University of Leeds 


(Received 25 November 1957) 


Cell-free extracts of Clostridium kluyveri catalyse 
the oxidation by molecular oxygen of certain fatty 
acids with four to eight carbon atoms (Stadtman & 
Barker, 1949a, b). Work with this obligate anaerobe 
has shed much light on mechanisms by which fatty 
acids are oxidized biologically (for reviews see 
Barker, 1951; Stadtman & Stadtman, 1953), but 
little progress has been made with aerobic micro- 
organisms since hitherto it has not been possible to 
prepare from them extracts with biochemical 
activities comparable with those from C. kluyveri. 
Indeed, studies of enzyme induction in whole cells 
of Serratia marcescens gave results apparently 
opposed to f-oxidation of saturated fatty’ acids 
with 2 to 14 carbon atoms (Silliker & Rittenberg, 
1951, 1952). It has been suggested (Stadtman & 
Stadtman, 1953), however, that in these experi- 
ments the enzymes induced may be those re- 
sponsible for activation of the free fatty acids and 
not for their oxidation; and Ivler, Wolfe & 
Rittenberg (1955) have prepared an extract from 
Pseudomonas fluorescens which produced acetate 
from n-decanoate with the consumption of only 
lymole of oxygen/umole of substrate, and which 
further suggested f-oxidation by its cofactor 
requirements and in the formation of a hydrox- 
amate of n-decanoate. The evidence of Webley, 
Duff & Farmer (1955) strongly supported f- 
oxidation as the mechanism of breakdown of w- 
phenyl-substituted fatty acids by whole cells of 
Nocardia opaca. Various investigations (Dagley & 
Rodgers, 1953; Dagley & Johnson, 1956; Dagley & 
Walker, 1956) indicate that the tricarboxylic acid 
cycle operates for the vibrio used in the present 
work, and Krebs, Gurin & Eggleston (1952) have 
suggested that for micro-organisms generally the 
main function of the cycle is to provide inter- 
mediates for use in synthesis. When the carbon 


source for growth consists of molecules of two 
carbon atoms, as in acetate, or if a higher fatty 
acid is degraded to C, units by f-oxidation, this 
view makes it necessary to postulate an additional 
mechanism by which the tricarboxylic acid cycle 
can be replenished with intermediates drained off 
for synthetic reactions. In this vibrio the necessity 
for such a mechanism is evident, not simply from 
speculations concerning the function of the tri- 
carboxylic acid cycle; for it has been demonstrated 
that cell suspensions synthesize and excrete 2-oxo- 
glutarate when aerated with acetate (Dagley & 
Patel, 1955). Kornberg & Krebs (1957) have 
recently proposed the ‘glyoxylate by-pass’ to 
account for the replenishment of tricarboxylic acid 
cycle intermediates from acetate, in which iso- 
citratase (Smith & Gunsalus, 1955; Saz & Hillary, 
1956) is coupled with malate synthetase (Wong & 
Aji, 1956). 

In the present paper we describe the preparation 
of soluble cell-free extracts of a vibrio that catalyse 
the degradation of straight-chain saturated mono- 
basic acids (C, to C,,) to acetate, or to acetate and 
propionate; coenzymes of the fatty acid spiral 
(Lynen & Ochoa, 1953; Lynen, 1954) are required 
for full activity; the reactions of the ‘glyoxylate 
by-pass’ are also catalysed. Parts of this work have 
been briefly reported elsewhere (Dagley, 1956; 
Callely, Dagley & Hodgson, 1957). 


EXPERIMENTAL 


Organism and cell-free extracts. The organism was the 
vibrio used in earlier work (Dagley & Patel, 1955; Dagley & 
Walker, 1956). For growth at 30° with forced aeration in a 
mineral-salt medium it utilizes as sole source of carbon 
certain aromatic compounds and normal saturated mono- 
or di-carboxylic acids; details of growth media have been 


given by Dagley & Walker (1956). The phosphate buffer 
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2g. of KH,PO,/l., 


For measurements of O, 


solution used throughout contained 
neutralized with NaOH to pH 7. 
uptake, cells were washed twice and suspended in this 
buffer to give a cell density of 10 mg. dry wt./ml. When 
2-amino-2-hydroxymethylpropane-1:3-diol (tris) was used, 
solutions of the concentration required were adjusted to the 
pH stated by addition of 2N-HCl. Extracts were prepared 
from cells grown overnight with forced aeration in two 
101. of medium which had been 
inoculated by addition of 250 ml. of culture grown in a 
similar medium. Each 10 g. wet wt. of cells was crushed in 
a Hughes bacterial press (Hughes, 1951) without abrasive 
at —14° and, while still frozen, they were ground in a 
mortar to a smooth paste with 10 g. of polishing alumina 
(grade 3/50; Manchester) after 
addition of 25 ml. of phosphate buffer. By this procedure it 
was possible to disperse uniformly a relatively large weight 
of crushed cells in a small volume of buffer and so obtain a 
rich extract which, although viscous, could be centrifuged 
at an average field of 14 000g to give a clear yellowish 


flasks each containing 5 1. 


Griffin and George Ltd., 


liquid. The measurements in Fig. 3 show that extracts with 
a protein content critical value exhibited 
activity. Oxidation of fatty acids by untreated extracts 
was variable and uptakes of O, in the absence of added sub- 
strate were high. Extracts were therefore usually dialysed 
against water for 2 hr. with stirring at room temperature, 
when endogenous respiration was largely abolished and, on 
addition of 3 mm-MgSO, to the reaction mixture, the extent 
of oxidation of substrates was well defined and repro- 
ducible. 

For separation of organic acids partition chromatography 
on ether-washed Celite 535 (Johns-Manville Co. Ltd., 
London 8.W. 1) was used as described by Swim & Krampitz 
(1954). In the early stages of the work organic acids were 


below a no 


extracted with ether for chromatography in a Soxhlet 
extractor from deproteinized reaction fluids after mixing 


them with Celite. We found, however, that by this pro- 
cedure acids could be eluted from columns to give peaks in 
the positions of formate and acetate when it was known 
that these acids were not present in the original liquid. The 
method was therefore abandoned and acids were extracted 
with ether for 48 hr. in a Kutscher—Steudel liquid—liquid 
extractor. The ether used was first purified by an alkali 
wash and distilled, dried over anhydrous CaCl,, redistilled 
and stored over pieces of sodium. The spurious peaks in 
chromatography were thereby eliminated. The distillation 
procedure used for determination of fatty acids was a modi- 
fication of the method of McClendon (1944) with the 
apparatus described by Markham (1942). Coenzyme A was 
removed from cell-free extracts by treatment with the 
resin Dowex-2, as described by Chantrenne & Lipmann 
(1950). 

Materials. Diphosphopyridine nucleotide (DPN) of 95% 
purity, coenzyme A (CoA) containing 300 units/ml. (units 
defined by Kaplan & Lipmann, 1948), reduced glutathione 
(GSH), dilithium acetylphosphate and glyoxylic acid were 
obtained from L. Light and Co., Colnbrook, Bucks. We are 
indebted to Dr E. M. Crook for a gift of CoA containing 
40 units/mg. The purity of the dilithium acetylphosphate, 
as determined according to Stadtman (1957), was 80% 
The method adopted for following the enzymic production 
of acetyl phosphate was essentially that of Rose (1955). The 
absorption spectrum of a solution of the 2:4-dinitropheny]l- 
hydrazone of glyoxylic acid in n-NaOH was identical with 
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that reported by Lewis & Weinhouse (1957); and the purity 
of the material, assuming it to be the monohydrate of 
glyoxylic acid, calculated both the 
extinction of the 2:4-dinitrophenylhydrazone solution and 
by determination of bound bisulphite by back-titration 
with I, (Lewis & Weinhouse, 1957). Glyoxylate was also 
identified by paper chromatography of its 2:4-dinitro- 
phenylhydrazone according to Cavallini, Frontali & 
Toschi (1949), with the modifications of Dagley, Fewster & 
Happold (1952). Partition chromatography on Celite 
showed that the glyoxylic acid and dilithium acetylphos- 
phate were both free from C, dicarboxylic acids. The fatty 
acids used were laboratory reagents (British Drug Houses 
Ltd.). Crystallized bovine plasma albumin from Armour 
Laboratories, London, was used as standard for protein 
determinations by the method of Stickland (1951). 


was 78% as from 


RESULTS 


Oxidation of fatty acids by washed suspensions. 
Washed suspensions of the vibrio that had utilized 
aromatic or straight-chain dibasic acids during 
growth oxidized saturated straight-chain C,-C,, 
monobasic fatty acids, as well as various members 
of the tricarboxylic acid cycle, immediately and 
about as rapidly as they oxidized the growth sub- 
strate. Apparently the enzymes for oxidation of 
these acids are constitutive; but citrate was not 
oxidized, nor were dibasic acids possessing five 
carbon atoms or more unless a member of this series, 
for example sebacic acid, was utilized by the cells in 
growth. Proof that for oxidation of 
dibasic acids are developed only after a period of 
induction in the presence of their substrates would 
have bearing upon the problem of whether mono- 
basic fatty acids undergo w-oxidation inside the 
cells. Citrate is not oxidized because it cannot 
enter them (Dagley & Rodgers, 1953) and this 
might be the reason for their failure to oxidize 
acids of the dibasic series. Accordingly, rates of 
oxidation of octanoic, hexanoic, suberic (hexane- 
1:6-dicarboxylic acid) and citric acids were 
measured for whole cells grown on hexanoate and 
also for a suspension of crushed cells, not centri- 
fuged, taken from the same crop; the suspensions 
were adjusted before use to about equal turbidities 
as measured in a Spekker photoelectric absorptio- 
meter. Disintegrated cells oxidized citric but not 
suberic acid (Fig. 1). 

The chain length of the monobasic fatty acid 
utilized by growing cells affected their ability to 
oxidize other fatty acids. In Fig. 2 it is seen that 
when the vibrio was grown with octanoate, O, 
uptake for decanoate and hexanoate was rapid and 
that for octanoate; 
oxidized slowly; 


enzymes 


its course was similar to 
valerate and propionate were 
nonanoate and heptanoate were oxidized rapidly at 
first and then at a slower rate when about two- 
thirds of the substrate had been used. Oxidation of 
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butyrate was also slow. 
largely abolished when 


Since these differences were 


cells were grown with 


nonanoate, it may be suggested that oxidation of 


molecules containing odd numbers of carbon atoms 
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hexanoate, before and after disintegration. Each cup 
contained KOH in the centre well, and 1 ml. of a sus- 
pension of whole cells or disintegrated cells and phos- 
phate buffer, pH 7, to a total volume of 3 ml. Side bulbs 
contained 5 umoles of the following acids as solutions of 
their sodium salts: (1) octanoic; (2) hexanoic; (3) citric; 
(4) suberic. ©, whole cells; @, disintegrated cells; 
uptake of O, in the absence of substrate has been sub- 
tracted. 
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Fig. 1. Oxidation of organic acids by cells grown with 
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Fig. 2. Oxidation of organic acids by suspensions of cells 
grown with (a) octanoate or (b) nonanoate. Each cup 
contained KOH in the centre well, and 1 ml. of bacterial 
suspension and phosphate buffer, pH 7, to a total volume 
of 3ml. Side bulbs contained 2 moles of the following 
acids as their sodium salts: (2) acetic; (3) propionic; 
(4) butyric; (5) valeric; (6) hexanoic; (7) heptanoic; 


(8) octanoic; (9) nonanoic; (10) decanoic. Uptake of O, 
in the absence of substrate has been subtracted. 
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may involve an additional mechanism augmented 
during growth on such compounds. 

Oxidation of fatty acids by cell-free extracts. 
failures to obtain active preparations were largely 
due to lack of recognition that extracts supplying 
less than 10 mg. reaction 
mixture had negligible activity (Fig. 3). 
extracts diluted with phosphate buffer was made 
from a concentrated dialysed preparation (30 mg. 
of protein/ml.) obtained 
The rate of oxidation of 2 
octanoate was measured for 1 ml. of each prepara- 
tion in a 3ml. reaction mixture; additions were 
made to each vessel of ATP, DPN, CoA, Mg?+ ions 
and GSH; and for each dilution of extract, uptake 
of O, was measured for the same mixture without 
addition of the substrate, octanoate. Fig. 3 shows 
a threshold over which there was no oxidation of 
octanoate, followed by a sharp rise in oxidation 
rate with increase of extract concentration. To test 
the suggestion that oxidation began at a critical 
concentration of an unknown cofactor, dilutions 
were made with supernatant from the original 
extract after it had been boiled and centrifuged ; 
but the relation between activity and concentra- 
tion was essentially the same as when dilution was 
made with phosphate buffer. 

Cofactor requirements were established by two 
sets of experiments, in both of which maximum 
rate of oxidation of octanoate was obtained by 
addition of ATP, CoA, DPN and Mg?" ions. In the 
first series, a cell-free extract was dialysed with 
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Fig. 3. Relation between rate of oxidation of octanoate 
and amount of cell-free extract present in the reaction 
flask. The extract was diluted with (1) phosphate buffer, 
(2) filtrate from boiled extract. 
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stirring for 15 hr. against water at room temper- 
ature; subsequent omission from the reaction 
vessels of Mg** ions or DPN almost abolished oxid- 
ation and the rate was also low when ATP was 
absent (Fig. 4). In these experiments CoA had 
little effect; but its addition was essential, in a 
second series, for the activity of extract treated 
with Dowex 2 (Chantrenne & Lipmann, 1950). 
Although GSH was added in both series its presence 
was not essential for maximal activity; and of the 
four cofactors shown in Fig. 4 only addition of 
Mg?* ions was required for extracts dialysed for the 
usual period of 2 hr. 

Many extracts were prepared which oxidized 
C,—Cy» acids; typical results are shown in Fig. 5 for 
an extract from cells grown on nonanoate. Hex- 
anoate and heptanoate were both oxidized with an 
uptake of 2-2 moles of O,/mole of acid; and from 
the four curves shown for octanoate and nonano- 
ate, the average final uptake was 2-9 moles of O,/ 
mole of acid in each case. Conversion of hexanoate 
into 3 moles of acetate, and of heptanoate into 
2moles of acetate+1 mole of propionate, would 
entail utilization of 2moles of O,/mole of acid; 
octanoate and nonanoate would both require 
3 moles of O,/mole of acid for conversion into 
4 moles of acetate and into 3 moles of acetate + 
1 mole of propionate respectively. Acids of two to 
five carbon atoms were not oxidized. For cells 
grown on octanoate results were essentially the 
same as those for nonanoate; and extracts from the 
vibrio grown on hexanoate and heptanoate also 
oxidized the same range of acids to the same end 
points, although the initial rates of oxidation of 
octanoate and nonanoate were slower in these 
cases than those of hexanoate and heptanoate. 
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Fig. 4. Cofactors required by cell-free extracts for oxid- 
ation of octanoic acid. Part of the extract was dialysed 
against water for 15 hr. and the remainder was treated 
with Dowex resin. Complete reaction mixtures contained 
1 ml. of extract and MgSO,, 10 umoles; GSH, 5 umoles; 
ATP, 1-2moles; DPN, 0-7 umole; CoA, 3 units; phos- 
phate buffer to a total volume of 3 ml. Cofactors named 
in the figure are those omitted from this reaction mixture. 
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Acetic and propionic acids, predicted as reaction 
products from utilization of O,, were then identified 
and the amounts produced were determined for an 
extract from cells grown on octanoate. In each of 
two respirometer flasks, 2 zmoles of octanoate were 
oxidized to completion in the presence of 1 ml. of 
enzyme; protein was then precipitated by addition 
of 1ml. of metaphosphoric acid solution (30%, 
w/v), flask contents were pooled and the precipi- 
tate was removed by centrifuging. After the pre. 
cipitate had been washed with a further 2 ml. of 
metaphosphoric acid solution (30 %, w/v) the pooled 
supernatants and washings were steam-distilled. 
This procedure was repeated for duplicate flasks in 
each of which 2 pmoles of nonanoate were oxidized, 
and also for two sets of flasks in duplicate, the first 
set each containing 8yumoles of acetate and the 
second a mixture of 6 wzmoles of acetate + 2 moles 
of propionate. Finally the amount of volatile 
acid which could be liberated from 2 ml. of extract 
by the treatment described was determined and a 
correction was applied in the previous determina- 
tions. From these experiments it was found that 
oxidation of octanoate and nonanoate produced 
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Fig. 5. Oxidation of fatty acids by an extract prepared 
from cells grown with nonanoate. The extract was first 
dialysed against water for 2hr. Each cup contained 
KOH in the centre well, and 1 ml. of extract and 
MgSO,, 10umoles; ATP, lyumole; phosphate buffer, 
pH 7, to 3ml. Side bulbs contained 2moles of the 
following acids as their sodium salts: (2) acetic; (3) 
propionic; (4) butyric; (5) valeric; (6) hexanoic; (7) 
heptanoic; (8) octanoic; (9) nonanoic; (10) decanoic. 
Uptake of O, in the absence of substrate has been sub- 
tracted. 
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respectively (per pmole of substrate) 3-0 and 
3-4umoles of volatile acid; from 4 moles of ace- 
tate, 3-2 moles were recovered and from 3 wmoles 
of acetate+1lpmole of propionate, 3-7 umoles. 
When the volatile acid from octanoate oxidation is 
related to the amounts we recovered from flasks 
containing extract and added acetate, production is 
94% of the theoretical amount for conversion of 
1 mole of octanoate into 4 moles of acetate, and for 
nonanoate it is 92 % of that expected for oxidation 
of 1 mole of nonanoate to 3 moles of acetate+ 
1 mole of propionate. For identification, the above 
procedure was followed and an extract of cells 
grown on octanoate was again used. Volatile acid 
from the oxidation of 4moles of octanoate was 
collected in 50 ml. of steam-distillate and made 
slightly alkaline with 0-01N-NaOH. After careful 
evaporation to 1 ml. over a hot-plate 0-3 ml. of 
3n-H,SO, was added, the solution was mixed with 
1:5 g. of prepared Celite and then transferred to the 
top of a Celite column for chromatography. The 
same procedure was followed for the oxidation 
products of nonanoate except that 8 moles of 
nonanoate were taken to provide sufficient pro- 
pionate for identification. In both series control 
experiments were performed in which contents of 
flasks containing extract+acetate, or extract+ 
acetate + propionate, were taken through the same 
operations; extract with no additions was also 
studied. The results in Fig. 6 confirm that acetate 
is the sole volatile acid produced by oxidation of 
octanoate and that acetate + propionate are formed 
from nonanoate. The oxidation of hexanoate and of 
heptanoate was studied in the same way ; hexanoate 
gave rise solely to acetate, and heptanoate to 
acetate + propionate. 

Acetate kinase. Acetyl phosphate is a product of 
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Fig. 6. Partition chromatography on Celite. Acids from 
extract, extract + octanoate after reaction and extract + 
acetate were collected respectively in 10 ml. fractions 
after elution by mixtures of chloroform and butanol of 
increasing polarity. Titration values are plotted on the 
left-hand ordinate. On the right-hand ordinate similar 
values are plotted for extract, extract + nonanoate after 
reaction and extract + propionate + acetate. 
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fatty acid oxidation by extracts of C. kluyveri 
(Stadtman & Barker, 1949a). After oxidation by 
extracts of the vibrio no compounds which gave a 
positive hydroxamate reaction (Lipmann & Tuttle, 
1945) could be detected; but this did not eliminate 
acetyl phosphate as a metabolite since some re- 
actions of the compound were catalysed. The 
presence of acetate kinase was indicated by con- 
version of acetate at relatively high concentration 
into a compound, presumed to be acetyl phosphate, 
which formed a hydroxamate; ATP, but not CoA, 
was shown to be a reactant. To each of three 
boiling tubes (6 in. x 1 in.) were added 1 m-mole of 


sodium acetate, 2m-moles of hydroxylamine 
hydrochloride (NH,*OH,HCl) neutralized with 


NaOH, 0-75 m-mole of tris buffer, pH 7-5, 0-1 m- 
mole of MgSO, and 40mg. (protein) of cell-free 
extract, to a total volume of 20 ml. One tube also 
contained 100 umoles of ATP; another contained 
100 pmoles of ATP + 100 units (Kaplan & Lipmann, 
1948) of CoA; and to the third no further additions 
were made. The reaction was started in each case 
by addition of extract to the mixture at 30°; 
samples (1 ml.) were withdrawn at intervals and 
discharged into 3 ml. of ferric chloride reagent 
[equal volumes of 3N-HCl, 12% (w/v) aqueous 
solution of trichloroacetic acid and 5% (w/v) solu- 
tion of anhydrous FeCl, in 0-1N-HCl]. A precipi- 
tate was removed by centrifuging and the extinc- 
tion was measured at 540 my. The whole experiment 
was repeated, with extract that had been treated 
with Dowex to remove CoA, with the following 
results. There was no development of colour in the 
tubes from which ATP was omitted and no signifi- 
cant difference in rate of increase of extinction 
between reactions catalysed by treated or by un- 
treated extract. For all tubes containing ATP, 
including those from which CoA was omitted, a 
value of H=0-2 was reached in 33-40 min. and of 
H=0-3 in 54-60 min. 

Reactions involving glyoxylic acid. Although 
3 mm-acetate was not oxidized, significant uptake 
of O, occurred when the concentration was raised 
to 30mm when ‘sparking’ of acetate oxidation 
(Stone & Wilson, 1952) could be shown on addition 
of glyoxylate (Callely et al. 1957). This work was 
extended to acetyl phosphate (Fig. 7). In 60 min. 
the uptakes with 25 umoles of acetyl phosphate, 
2pmoles of succinate and 2 moles of glyoxylate 
were respectively 25, 82 and 23 pl. of O,. For acetyl 
phosphate and succinate singly, the sum of the oxid- 
ation rates was therefore 107 pl. of O,/hr. but they 
were oxidized when together at 188 pl. of O,/hr. The 
sum of the rates for acetyl phosphate and glyoxylate 
was 48,1. of O,/hr. and when oxidized together 
the rate was 150 pl. of O,/hr. When Dowex-treated 
extracts were used, ‘sparking’ could be observed 
only when CoA was also added to the system. 
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In normal metabolism glyoxylate could arise 
from isocitrate since this substrate was decomposed 
rapidly by our extracts to an equimolar mixture of 
succinate + glyoxylate, identified respectively by 
Celite chromatography and by the absorption 
spectrum of the 2:4-dinitrophenylhydrazone in 
alkaline solution, supported by paper chromato- 
graphy of this derivative. Extracts also contained 
aconitase, and it was only after partial purification 
according to Smith & Gunsalus (1955) that the 
decomposition of isocitrate was catalysed faster 
than citrate. Accordingly we used citrate as sub- 
strate for assays of isocitratase in crude prepara- 
tions. Extracts were prepared from cells grown on 
acetate, octanoate, p-hydroxybenzoate, benzoate 
and succinate respectively as sole sources of carbon. 
For each extract a series of dilutions was prepared 
and each in turn was incubated at 30° for 10 min. 
with reaction mixtures (total volume 1-5 ml.) con- 
taining 50 umoles of tris buffer, pH 7-5, 100 pmoles 
of trisodium citrate and 5 umoles of MgSO,. Each 
reaction was stopped by addition of trichloro- 
acetic acid solution (10%, w/v); a precipitate was 
removed by centrifuging and the glyoxylate con- 
centration determined by the method of Friede- 
mann & Haugen (1943). Fig. 8 shows relations 
between amounts of protein present in the incuba- 
tion mixtures and the rates of glyoxylate produc- 
tion for each extract. To meet the suggestion that 
the general enzymic content of extracts might 
vary from one preparation to the next, owing 
either to differences in cell metabolism or to un- 
controlled variations in their preparation, the 
rates of oxidation of certain compounds of the tri- 
carboxylic acid cycle were also measured for each 
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Fig. 7. Oxidation of acetyl phosphate, succinate and 
glyoxylate by extracts from cells grown with octanoate. 
Each cup contained KOH in the centre well, and 1 ml. of 
extract, 10 umoles of MgSO, and 50 wmoles of tris buffer, 
pH 7-5, to a final volume of 3 ml. by addition of water. 
Side bulbs contained the following compounds neutral- 
ized with NaOH: (A) acetyl phosphate, 25 moles; 
(S) succinic acid, 24moles; (A +S) acetyl phosphate, 
25 umoles +succinic acid, 2umoles; (@) glyoxylic acid, 
2 moles; (A + G) acetyl phosphate, 25 pmoles + glyoxylic 
acid, 2 umoles. 
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extract. Each vessel contained 100pmoles of 
substrate and 20 mg. of extract protein in a 3 ml. 
reaction mixture. The rate of oxidation of citrate 
varied from 65 pl. of O,/60 min., for the least active, 
to 200 ul. of O,/60 min. for the most active of the 
five preparations. Fumarate, 2-oxoglutarate and 
malate were oxidized at rates lying within the 
ranges of 95-210, 175-250 and 70-160 yl. of 0, 
30 min. respectively. That is, rates of oxidations of 
citrate, fumarate, 2-oxoglutarate and malate 
varied 3-1-, 2-2-, 1-4- and 2-3-fold respectively for 
the five extracts. In Fig. 8 there is a ninefold in- 
crease in activity in passing from p-hydroxybenzo- 
ate to octanoate, and differences between the 
latter and benzoate or succinate are greater. 
Further, there was no correlation between a high 
level of <socitratase in an extract and _ other 
activities measured; and it may be concluded that 
development of the enzyme is determined by the 
nature of the carbon source utilized by the cells in 
growth. 

According to the suggestion of Kornberg & Krebs 
(1957), glyoxylate from the isocitratase reaction is 
utilized for synthesis of malate by reaction with 
acetyl-CoA. Malate synthetase (Wong & Ajl, 1956) 
was demonstrated by incubating cell-free extract at 
30° with glyoxylate and acetate in boiling tubes 
(6 in. x 1 in.). The reaction was started by addition 
of extract, samples (1 ml.) were removed at inter- 
vals and discharged into trichloroacetic acid solu- 
tion (5%, w/v), a precipitate was removed by 
centrifuging and the concentration of glyoxylate 
was determined by the method of Friedemann & 
Haugen (1943). Glyoxylate disappearance was 
catalysed only when acetate and ATP were both 


Glyoxylate (“moles/10 min.) 





Protein (mg.) 


Fig. 8. isoCitratase activities of extracts from cells grown 
in various media. Sole sources of carbon for growth were: 
(1) succinate; (2) benzoate; (3) p-hydroxybenzoate; 
(4) acetate; (5) octanoate. 
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Fig. 9. Catalysis of glyoxylate utilization by extracts of 
cells grown with acetate. Initially each reaction tube 
contained 1 ml. of extract and glyoxylate, 15- 
16 zmoles; MgSO,, 10 moles; 0-02M-tris buffer, pH 7-5, 
added to a total volume of 9-1 ml. For untreated 
extract, other additions were: (1) acetate, 20 moles; 
(2) ATP, 20pumoles; (3) acetate, 20umoles+ATP, 
20yumoles. For Dowex-treated extract: (5), as for (3); 
(6), as for (3) but extract pre-incubated for 30 min. with 
CoA, 7-5 units. Tube (4) received additions of acetate, 
ATP and CoA but contained no enzyme. 


present (Fig. 9), and after Dowex treatment of the 
extract, CoA was also required ; similar results were 
obtained for extracts of cells grown with octanoate. 
Partition chromatography on Celite showed that 
about 1 p»mole of malate was formed for 1 pmole of 
acetate utilized; the identity of the malate and its 
amount were confirmed by measurement of the 
volume of CO, evolved by treatment with dried 
cells of Lactobacillus arabinosus (strain 17/5, 
N.C.I.B. number 6376) according to the method of 
Nossal (1951). isoCitratase and malate synthetase 
were coupled readily, so that the presence of 
succinate and malate could be shown after incuba- 
tion of equimolar mixtures of acetate and citrate 
with extracts from cells grown with octanoate. 


DISCUSSION 


Dagley & Patel (1955) investigated the synthesis of 
2-oxoglutarate from acetate by non-proliferating 
suspensions of the strain used in the present work. 
No accumulation of 2-oxoglutarate was detected 
during oxidation of acetate by cells that had 
utilized a range of substrates for growth, but they 
excreted sufficient for isolation and characteriza- 
tion when tested after growth on acetate and other 
fatty acids. It was concluded that 2-oxoglutarate 
was synthesized by reactions of the tricarboxylic 
acid cycle supplemented by a mechanism, not 
then discovered, by which acetyl-coenzyme A, 
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from acetate or from f-oxidation of fatty acids, 
could be converted into oxaloacetate; and it was 
inferred that this mechanism was augmented in 
response to requirements for synthesis of cells 
growing in such media. The present work estab- 
lishes that this vibrio degrades monobasic fatty 
acids, of both odd and even numbers of carbon 
atoms, by f-oxidation; and with the exception of 
flavin adenine dinucleotide the cofactors of the 
fatty acid spiral (Lynen & Ochoa, 1953; Lynen, 
1954) are those required by these extracts for 
oxidation of fatty acids. Extracts also catalysed 
reactions of the ‘glyoxylate by-pass’ by which, it is 
now suggested, the tricarboxylic acid cycle is 
supplemented (Kornberg & Krebs, 1957; Kornberg 
& Madsen, 1957), and our measurements of the 
level of isocitratase in extracts support the view 
that the by-pass reactions are under adaptive 
control to some degree. Smith & Gunsalus (1955) 
reported more isocitratase in bacteria grown on 
compounds of the tricarboxylic acid cycle than 
when glucose was the source of carbon. 

Previous studies of the oxidation of saturated 
fatty acids to C, units by cell-free bacterial extracts 
have been confined chiefly to C. kluyveri; and in 
some respects these preparations differ from ours. 
For C. kluyveri, rates of oxidation were maximal 
for butyrate and valerate, hexanoate was oxidized 
more slowly and the rate for heptanoate and 
octanoate was only one-third of that for butyrate; 
decanoate was not oxidized and nonanoate was not 
investigated (Stadtman & Barker, 19496). Our 
extracts did not oxidize saturated fatty acids with 
less than six carbon atoms, but those with odd as 
well as even numbers of carbon atoms 
oxidized in the range from hexanoate to decanoate. 
After carrying out prolonged dialysis Stadtman & 
Barker (19496) could demonstrate no stimulation 
of oxidation by DPN, ATP or Mg?* ions, although 
the last was given special attention; this contrasts 
with the removal of Mg?+ ions from our prepara- 
tions after dialysis for 2 hr. Further, acetyl phos- 
phate was formed by extracts of C. kluyvert when 
inorganic phosphate was present (Stadtman & 
Barker, 1949a), and acetoacetate and other B- 
oxo acids when phosphate was absent (Kennedy & 
Barker, 1951; Lieberman & Barker, 1954). As end 
products of fatty acid oxidation, we found no trace 
either of keto acids or of compounds that formed 


were 


hydroxamates. When compared with other bac- 
teria, C. kluyveri contains little acetate kinase 
(Rose, 1955), but our extracts rapidly decomposed 
acetyl phosphate. Some of these differences are no 
doubt a consequence of the very different roles of 
fatty acids in the metabolism of the two organisms. 
C. kluyveri is grown anaerobically in a medium 
containing ethanol and acetate as sole carbon 
sources; energy is made available by the release o 
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hydrogen atoms from ethanol, which are accepted 
by intermediates in the synthesis of end products of 
fermentation, butyrate and hexanoate. During 
growth of the vibrio, however, fatty acids of longer 
chain-length are degraded and oxygen is the 
ultimate acceptor of electrons. We obtained no 
definite evidence about the latter process; ability to 
was restored when the known factors 
removed by our procedures were returned to the 
system. Extracts were yellow and the suggestion of 
participation of flavin in electron transport would 
be supported by the correlation, discovered by Peel 
(1955), between the fatty acid metabolism of 
micro-organisms and their flavin contents. We 
found no evidence for the presence of a cytochrome 
system in extracts. 

Cells grown with octanoate did not oxidize C,, 
C;, C, or C, acids as readily as C,, Cg or Co acids. 
Heptanoate and nonanoate were oxidized in two 
stages by cells so grown, the first rapid and the 
second slow, as though an intermediate accumulated 
during oxidation which was attacked with difficulty 
(Fig. 2). This intermediate might be valerate or 
propionate since the latter, in particular, was 
oxidized much more slowly than acetate; when cells 
were grown with nonanoate there was no significant 
difference, in rates of oxidation by whole cells, 
between propionate and other acids. Since we 
have also shown that propionate is produced by the 
action of extracts on certain acids with odd- 
numbered carbon chains, it may be suggested that 
this compound is oxidized readily by whole cells 
only after induction of enzymes that are not de- 
veloped during growth with acids of even-numbered 
carbon chains. 

Hexanoic and 
rapidly by cells that did not attack citric or suberic 
acids. After disintegration, cells oxidized citrate 
but not suberate and it is unlikely therefore that 
failure to oxidize was due to the inability of 
suberate to penetrate to a site of action. However, 
the possibility to w-oxidation cannot be rigorously 


oxidize 


octanoic acids were oxidized 


excluded unless it can be decided whether enzymes 
for substrate ‘activation’ were absent, or whether 
those for degradation of an ‘activated’ form were 
missing. 

Ability to oxidize octanoate was lost by extracts 
on dilution and no activity was observed over a 
threshold of concentration; loss of activity was not 
attributable to dilution of thermostable cofactors. 
It is certain that oxidation by these extracts is 
catalysed by a multi-enzyme system and it is 
that the integrity of 
molecules, formed from an association of enzymes, 
must be preserved if the preparation is to be 
active. 
reflexion 


possible certain macro- 


Loss of activity on dilution may be a 


of the destruction of this association 


rather than mere dilution of an enzyme mixture. 
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SUMMARY 


1. Soluble extracts prepared from a_ vibrio 
grown with hexanoate, heptanoate, octanoate and 
nonanoate catalysed the oxidation of these acids, 
and decanoate, by molecular oxygen. At similar 
concentrations acetate, propionate, butyrate and 
valerate were not attacked. 

2. The acids with even numbers of carbon atoms 
were oxidized to acetate and those with odd 
numbers to a mixture of acetate and propionate. 

3. Magnesium ions, diphosphopyridine nucleo- 
tide, adenosine triphosphate and coenzyme A were 
essential for activity of extracts. 

4. Extracts contained acetate kinase, isocitratase 
and malate synthetase. 

5. The amount of ¢zsocitratase was greater in 
extracts from cells grown with acetate or octanoate 
than when succinate, benzoate or p-hydroxybenzo- 
ate were the sources of carbon. 

6. A mixture of glyoxylate and acetyl phosphate 
was oxidized faster than the sum of the rates of 
oxidation for the two compounds separately. 

7. Suberic acid (hexane-1:6-dicarboxylic acid) 
does not appear to be an intermediate in the oxid- 
ation of octanoic acid by this organism. 


We are indebted to Professor H. A. Krebs, F.R.S., and 
Dr H. L. Kornberg for their advice concerning the reactions 
of the ‘glyoxylate by-pass’. Dr J. R. L. Walker was 
associated with the work in its initial stages and to him we 
are indebted for the data used in Fig. 1. A.G.C. and B.H. 
are grateful to the Agricultural Research Council and the 
University of Leeds respectively for the provision of 
research studentships. 
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THE METABOLISM OF HALOGENOBENZENES. 


1:2:3:4-, 1:2:3:5- 


AND 1:2:4:5-TETRACHLOROBENZENES* 
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Previous papers in this series have described the 
metabolic fate of the mono-, di- and tri-chloro- 


benzenes (Spencer & Williams, 1950; Smith, 
Spencer & Williams, 1950; Azouz, Parke & 


Williams, 1952, 1953, 1955; Parke & Williams, 
1955; Jondorf, Parke & Williams, 1955). These 
studies have now been extended to the tetra- 
chlorobenzenes. Cameron et al. (1937) have ob- 
served that tetrachlorobenzenes, unlike chloro- 
benzene or o-dichlorobenzene, do not cause liver 
injury in rats. We shall show that in the rabbit 
these compounds are in part slowly metabolized to 
tetrachlorophenols, and some evidence has been 
obtained which suggests that they may be partly 
dechlorinated in the gut to di- and tri-chloro- 
benzenes. 


EXPERIMENTAL 


Reference compounds. The following compounds were 
prepared or purchased, and purified: 1:2:3:4- and 1:2:3:5- 
tetrachlorobenzene, m.p. 45° and 51° respectively (Holle- 
man, 1920); 1:2:4:5-tetrachlorobenzene, m.p. 140° (L. 
Light and Co.); these tetrachlorobenzenes were free from 


* Part 75: El Masri, Smith & Williams (1958). 


di- and tri-chlorobenzenes as judged by absorption spectra 
and m.p.; 2:3:4:5-tetrachlorophenol, m.p. 116°, and its 
benzoate, m.p. 110° (Tiessens, 1931); tetrachlorocatechol, 
m.p. 193°, and its diacetate, m.p. 190° (Huntress, 1948); 
2:3:4:6-tetrachlorophenol, m.p. 70° (Kodak Ltd.), and its 
benzoate, m.p. 115°; 2:3:5:6-tetrachlorophenol, m.p. 115°, 
and its benzoate, m.p. 136° (‘Tiessens, 1931); tetrachloro- 
quinol, m.p. 236° (Kodak Ltd.), and its benzoate, m.p. 233°. 

Animals. Chinchilla doe rabbits, kept throughout on a 
diet of 80 g. of rat cubes (diet 41; Associated London Flour 
Millers) and 100 ml. of water/day, were used. The tetra- 
chlorobenzenes were administered by stomach tube or 
subcutaneously as 10% (w/v) solutions in arachis oil, and 
urine was collected daily. In some experiments the 
animals were fitted with plywood collars to prevent 
coprophagy. 

Analytical methods. Glucuronic acid, ethereal sulphate 
and mercapturic acid in urine were determined each day 
according to the methods of Paul (1951), Mead, Smith & 
Williams (1958), Sperber (1948), and Stekol (1936) re- 
spectively. Spectrophotometric determinations were made 
with a Unicam spectrophotometer (SP. 500). 

Estimations of tetrachlorophenols. The total tetrachloro- 
phenols in urine were estimated spectrophotometrically by 
determination of the difference between the light absorp- 
tion of acid and alkaline solutions of steam-distillates of the 
urines previously hydrolysed in 5N-HCl, as described by 
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Azouz et al. (1955) for dichlorophenols. The spectra of the 
phenols were recorded between the wavelengths 220 and 
400 mp, and the wavelengths chosen for the estimations 
were 315 my for 2:3:4:5- and 2:3:4:6-tetrachlorophenols and 
308 my for 2:3:5:6-tetrachlorophenol. The free tetrachloro- 
phenols were similarly estimated with steam-distillates of 
the urines adjusted to pH 3 with n-HCl. The spectra in acid 
and alkali of 2:3:4:5-tetrachlorophenol (e at 315 my is 5600 
in 0-1n-NaOH and 400 in 0-1N-HCl), 2:3:4:6-tetrachloro- 
phenol (e at 315 my is 5120 in 0-1N-NaOH and 0 in 0-1N- 
HCl) and 2:3:5:6-tetrachlorophenol (¢€ at 308 my is 6800 in 
0-l1n-NaOH and 0 in 0-1N-HCl) are 
Recoveries of 2:3:4:5-, 2:3:4:6- 
phenols from normal rabbit urine at 
5 mg./100 ml. were 97, 93 and 95+ 

Estimations of tetrachlorobenzenes. 


shown in Fig. l. 
2:3:5:6-tetrachloro- 
concentrations of 


and 


5% respectively. 

(i) In faeces: The 
tetrachlorobenzenes excreted unchanged were recovered by 
steam-distillation of the homogenized material. They were 
then extracted from the distillates into n-hexane and 
estimated spectrophotometrically. The spectra were re- 
corded between 220 and 400 my (cf. Conrad-Billroth, 1932) 
and the wavelengths chosen for the estimations were 292, 
293 and 1:2:3:4-, 1:2:3:5- and 1:2:4:5-tetra- 
chlorobenzenes respectively (see Table 1). With 1:2:3:5- 
tetrachlorobenzene in faeces the greatest maxima some- 
times occurred at wavelengths lower than those shown by 
the authentic 1:2:3:5-tetrachlorobenzene (see below). 

(ii) In tissues: The animals were killed 6 days after 
dosing, and the gut contents, liver, brain and portions of 
the skin, mixed depot fat and the remainder of the body 
were homogenized or minced and then steam-distilled to 
unchanged tetrachlorobenzenes. The steam- 
distillates were extracted with ether, and the extracts were 
washed with 2n-NaOH followed by 2N-HCl, dried over 
anhydrous Na,SO, and evaporated to dryness at 10°; the 
residue was weighed. The yields of unchanged tetrachloro- 
benzenes thus recovered were confirmed by spectrophoto- 


296 mp for 


recover the 
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metric estimations of n-hexane extracts of the steam. 
distillates or of ethanolic solutions of the weighed residues, 

(iii) In expired air: 
exhaled in the expired air were estimated spectrophoto. 
metrically (cf. Azouz et al. 1952) with the extinctions for 
these compounds in ethanol given in Table 1. The spectra 
of the ethanolic solutions of the expired air were recorded 
between the wavelengths 220 and 400 my at intervals of 6 

t 12 hr. over a period of 3-5 days. It was found that 
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Fig. 1. Ultraviolet-absorption spectra of 2:3:4:5-, 2:3:4:6- 


A, 2:3:4:5-Tetrachloro- 
240, 314-315 mu: «,,, 
-HCl (Anax, 293, 298 mu: 
; 2:3:4:6-tetrachlorophenol in 
0-1n-NaOH (A,,,,. 240, 315 my; €,,,,, 9200, 5100) and, 
D, in 0-1N-HCl (A,,,,. 290, 298 my; €,,,. 2100, 2250); 
E, 2:3:5:6-tetrachlorophenol in 0-1n-NaOH (A 
308 my; €pax, 6800) and, F, in 0-1N-HCl (A 
293 mp; Emax. 1650, 1800). 


and 2:3:5:6-tetrachlorophenols. 
phenol in 0-I1n-NaOH (A,,,x. 
12 500, 5600) and, B, in 0-1n 
Emax. 2900, 3000); ©, 


max. 


286, 


max. 





Table 1. Absorption spectra of chlorinated benzenes in ethanol 


A 
240-249 250-259 


max. 
Wavelength range 
Compound 
258 (220) 
oF 


C.H;Cl 51 (135) 


245 (90) 


256 (135) 
250 (95) 


{ 

\2 
1:2-C,H,Cl, _ {5 
Teed 


1:3-C,H,Cl, ~_ 


1:4-C, 
1:2:3-C, 


H,Cl, _ 258 (175) 
H,Cl, — sai 


1:2:4-C,H,Cl, a ed 
1:3:5-C,H,Cl, ani a 


1:2:3:4-C,H,Cl, — —_— 


1:2:3:5-C,H,Cl, 


1:2:4:5-C,H,Cl, a = 


(my) with ¢,,,x, italicized in parentheses. 


260-269 270-279 280-289 290-299 


264 (280) 


263 (230) 


(270) 
263 (250) | 970 (330) ae > 
266 (290) 273 (400) 281 (320) ‘ns 
265 (125) 273 (160) 280 (125) a 


(278 (565) 
270 (350) 
273 (235) 281 (170) oe 
(274 (260) {280 (330) (291 (290) 
= (245)* 1283 (350)* {292 (305)* 
274 (210) {281 (315) {291 (275) 
4 (225)* 1284 (420)* 293 (515)* 
(ee tea0y* {2s (i750) {208 (1050) 
0 282 (680)* '296 (1400) 


a 287 (525) — 
266 (180) 


ein, 


* In n-hexane. 


The unchanged tetrachlorobenzenes | 
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absorption spectra of these solutions did not exactly 
coincide with those of the authentic tetrachlorobenzenes, 
and the greatest maxima sometimes occurred at wave- 
lengths lower than those shown by the tetrachlorobenzenes 
(see Discussion). The maxima chosen for the present 
estimations were 291 my for 1:2:3:4- and 1:2:3:5-tetra- 
chlorobenzenes and 294 my for the 1:2:4:5-isomer. Although 
water vapour was removed by pas: 
through Drechsel bottles containing anhydrous magnesium 
perchlorate (Anhydrone), some water vapour (about 5%, 
v/v) was entrained in the ethanol absorption vessels. The 
absorption spectra of these compounds in ethanol were, 
however, unaffected by the addition of <5% (v/v) of 
water, and even 10% of water only slightly reduces the 
values of € without affecting the wavelengths of the 
maxima. 

Chromatography. Only one monophenol can be derived 
directly from each of the tetrachlorobenzenes. 1:2:3:4- 
Tetrachlorobenzene could, however, be metabolized to 
tetrachlorocatechol, and 1:2:4:5-tetrachlorobenzene to 
tetrachloroquinol. Both these dihydric phenols were 
readily separable from the monophenols by paper chromato- 
graphy in solvent A, and were further distinguished by 
colour reactions (see Table 2). The tetrachlorophenols were 
separable from the tri- and di-chlorophenols by paper 
chromatography in solvent B; the colour reactions, R, 
values and absorption spectra of di- and tri-chlorophenols 
are given by Jondorf et al. (1955), Azouz et al. (1955) and 
Parke & Williams (1955). Convenient amounts of the 
phenols for chromatography were of the order of 50 yg. 






ig the expired air 


Isolation and detection of metabolites of 
1:2:3:4-tetrachlorobenzene 


From urine. A total of 45g. of 1:2:3:4-tetrachloro- 
benzene was fed to three rabbits and their urine collected 
for 6 days. The neutral, non-reducing urine gave a strong 
naphtharesorcinol reaction and a blue colour with 2:6- 
dichloroquinonechloroimide. The urines left over from the 
analyses were pooled, adjusted to pH 3 with 2n-HCl, and 
continuously extracted with ether for 8 hr. The extract was 
concentrated and then chromatographed on paper in 
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Table 2. R, values and colour reactions on paper of tetrachlorophenols 
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solvent system A. The zone of paper adjacent to the solvent 
front (R, 0-80-1-00) was cut from the chromatogram and 
extracted with ether in a Soxhlet apparatus. After removal 
of the ether at room temperature, the residue (29 mg., 
16% of the dose) was identified as 2:3:4:5-tetrachloro- 
phenol, m.p. and mixed m.p. 116° after recrystallization 
from ethanol. This chromatographic procedure for the 
isolation of the free tetrachlorophenols was shown to be 
reasonably quantitative compared with spectrophoto- 
metric estimation. 

The residual urine was then refluxed for 3 hr. in 5n-HCl 
to hydrolyse the conjugated phenols, and cooled and con- 
tinuously extracted with ether for 8 hr. Paper chromato- 
graphy of the extract in solvent A revealed the presence of 
2:3:4:5-tetrachlorophenol and tetrachlorocatechol (about 
0-2 % of the dose). The ethereal solution was then extracted 
with n-NaOH (3x30 ml.) and the extract was acidified 
with 2n-H,SO, and steam-distilled. The tetrachlorophenol 
removed by filtration had m.p. and mixed m.p. 116° with 
authentic 2:3:4:5-tetrachlorophenol, and was characterized 
as the benzoate, m.p. and mixed m.p. 110°, after recrystal- 
lization from ethanol. A further amount of tetrachloro- 
phenol (total was 305 mg., 15-8% of the dose) was re- 
covered by ether extraction of the steam-distillate. Paper 
chromatography of this ether extract in solvent B revealed 
the presence of 2:3:4:5-tetrachlorophenol and a minor spot 
(R, 0-94) which gave colour reactions corresponding to 
2:5- or 3:5-dichlorophenol (see Azouz et al. 1955; Parke & 
Williams, 1955) and amounted to +1% of the dose. The 
spectra of the acid and alkaline solutions of steam-distil- 
lates of the urine showed no peaks other than those due to 
2:3:4:5-tetrachlorophenol. 

The aqueous residues remaining from the steam- 
distillation were extracted continuously with ether and the 
extract was chromatographed on paper in solvent A. The 
tetrachlorocatechol band was located on the chromatogram 
by the green colour obtained with FeCl, solution and by its 
quenching of the background fluorescence of the paper in 
u.v. light. The band was cut out and eluted with ether. In 
this way a few milligrams of the catechol were freed from 
about 0-4 g. of normal excretion products. Further chro- 
matography on paper in the same solvent mixture gave a 


Ry values are for descending chromatography on Whatman no. 1 paper; A, in benzene—acetic acid—water (1:1:2, by 
vol.), run for 6 hr.; B, in ethanol—butan-1-ol-aq. 3N-NH, soln./3N-ammonium carbonate buffer (11:40:19, by vol.) (cf. 
Fewster & Hail, 1951), run for 12 hr. Sprays used were: Gibbs’s reagent consisting of 2% ethanolic solution of 2:6-dichloro- 
quinonechloroimide, followed by saturated NaHCO, for pH 8, saturated borax for pH 9 and 2n-Na,CO, for pH> 10 (pH 
values are in parentheses); diazotized p-nitraniline, followed by 2N-Na,CO,; diazotized sulphanilic acid, followed by 
2n-Na,CO, ; 0-1 % aq. solution of Brentamine Fast Red B salt, followed by aq. 2N-NH, soln.; 0-5% aq. FeCl, followed by 


saturated NaHCO,. 





es 
Rp values 
— A, Gibbs’s 
Phenol A B reagent 


2:3:4:5-Tetrachlorophenol 0-88 0-78 Pale blue (9) 
2:3:4:6-Tetrachlorophenol 0-91 0-70 Blue (9) 
2:3:5:6-Tetrachlorophenol 0:92 0-72 Blue (9) 
Tetrachlorocatechol 0-55 {viele (20) 
Tetrachloroquinol 0-66 — {Bisel i) 


Colour reactions 





cS oa ee ee 
Diazotized Brentamine 
Diazotized sulphanilic Fast Red 

p-nitraniline acid B salt FeCl, 
None None Red None 
None None None None 
Red Red Red None 

= r Green (7) 

Green Orange Yellow Violet (9) 

Green (8) Green (8) Yellow None (7) 


Green (9) 
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band R, 0-55 which gave a green colour with FeCl, solution 
and showed all the other colour reactions of tetrachloro- 
catechol. The eluate from the second chromatogram gave 
12 mg. of non-crystalline material, which from its light 
absorption (A,,,, 220, 225, 276mp in 0-1N-NaOH; 
Amax, 229 and 297 my in 0-1N-HCl) was shown to contain 
approx. 3 mg. of tetrachlorocatechol (see Fig. 2). 

From faeces and tissues. 1:2:3:4-Tetrachlorobenzene, 
m.p. and mixed m.p. 45°, was isolated from the combined 
faeces of three rabbits receiving tetrachlorobenzene orally. 
Only traces of non-crystalline material were isolated from 
the tissues. Steam-distillation of the urine before and after 
acid hydrolysis did not yield any unchanged tetrachloro- 
benzene. 

From expired air. The absorption spectra of the ethanolic 
solutions of the expired air showed maxima at 290, 287, 
282, 278, 275 and 273 mu. The greatest maxima occurred at 
282, 278, 275 and 273 my, which suggests the presence of 
some trichlorobenzenes and perhaps even dichlorobenzenes 
(see Table 1). An approximate estimate of the trichloro- 
benzenes, calculated from the absorption at 278 and 
273 mp after correction for 1:2:3:4-tetrachlorobenzene, 
indicated that some 2-3% of the dose could be present as 
these dechlorination products. 


Isolation and detection of metabolites of 
1:2:3:5-tetrachlorobenzene 


From urine. A total of 45g. of 1:2:3:5-tetrachloro- 
benzene was fed to three rabbits, and the urine, collected 
for 6 days, was neutral, non-reducing and gave a moderate 
naphtharesorcinol reaction. By paper chromatography of 
an ethereal extract of the free phenols, 2:3:4:6-tetrachloro- 
phenol (48 mg., 2-5% of the dose), m.p. and mixed m.p. 
70°, was obtained. Ether extraction of the acid-hydrolysed 
urine also gave 2:3:4:6-tetrachlorophenol (31 mg., 1-6% of 
the dose), m.p. 70° (benzoate, m.p. and mixed m.p. 114— 
115°). 

Daily examination of urine. The steam-distillates of the 
urines which were used for the daily spectrophotometric 
estimations of tetrachlorophenol were extracted contin- 
uously with ether, and the extracts on paper chromato- 
graphy in solvent B revealed the presence of other chloro- 








0 . 
200 225 250 275 300 
Wavelength (my) 


Fig. 2. Ultraviolet-absorption spectra of tetrachloro- 
catechol: A, in 0-1n-NaOH (A,,,,. 225, 275-276 mp; 
Emax. 13 500, 7100) and, B, in 0-1N-HCl (A,,,, 229, .295- 
297 mp3 Emax, 6600, 1400). 
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phenols. On the first day after dosing, two phenolic spots 
were detected, the major one (R, 0-86) gave the colour 
reactions of 2:4-dichlorophenol, and the minor one (R, 
0-90) those of 3:4:5-trichlorophenol. 2:3:4:6-Tetrachloro- 
phenol was not present. The spectra of the extract of the 
urine of this day showed a single maximum at 303 my in 
0-1n-NaOH, and two maxima at 277 and 283 my in 0:1y.- 
HCl, which would correspond with the presence of 2:4- 
dichlorophenol or 2:3:6-trichlorophenol. From the second 
to the twelfth day chromatography in solvent B revealed 
2:3:4:6-tetrachlorophenol as the major spot with a series of 
spots of R, 0-76-0-91 giving colour reactions corresponding 
to several di- and tri-chlorophenols. The spectra of the 
extracts of these urines showed a principal maximum at 
315 my in 0-1 N-NaOH (2:3:4:6-tetrachlorophenol) with one 
or more maxima at lower wavelengths corresponding to 
less chlorinated phenols. These di- and tri-chlorophenols 
collectively could account for about 5% of the dose. 

After subcutaneous injection of 1:2:3:5-tetrachloro- 
benzene (dose, 200 mg./kg.), no chlorophenols were 
detected in the urine of the first day. During the second 
and third days, spectra and chromatography revealed the 
presence of 2:3:4:6-tetrachlorophenol only, but from the 
fourth to eighth day other phenols corresponding to various 
di- and tri-chlorophenols appeared in increasing amounts 
and on the seventh and eighth days were equal to the 
amount of tetrachlorophenol. 

2:3:4:6-Tetrachlorophenol (100 mg.) added to 100 ml. of 
normal rabbit urine and then subjected to acid hydrolysis 
and steam-distillation as described above gave no trace of 
di- or tri-chlorophenols detectable by paper chromato- 
graphy, and the spectrum showed only the absorption 
maxima characteristic of 2:3:4:6-tetrachlorophenol. 

From faeces and tissues. 1:2:3:5-Tetrachlorobenzene, 
m.p. and mixed m.p. 51°, was isolated from the faeces, gut 
contents, body fat and the rest of the bodies of animals 
receiving the tetrachlorobenzene orally. After subcut- 
aneous injection of 1:2:3:5-tetrachlorobenzene (dose, 
200 mg./kg.), the unchanged tetrachlorobenzene was 
excreted in the faeces to the extent of about one-third of the 
dose in 6 days; the spectrum of the steam-distillate of the 
faeces also showed high absorption maxima at 266, 276 and 
280 mp, which suggests the presence of dechlorination 
products, i.e. di- and tri-chlorobenzenes. No unchanged 
tetrachlorobenzene was detected in the urine either before 
or after acid hydrolysis. 

From expired air. The absorption spectra of the ethanolic 
solutions of the expired air showed maxima at 290, 282, 
280, 278, 276, 274 and 273 my, and during the first 2 days 
the greatest maxima occurred at 276, 274 and 273 mp, which 
suggests the presence of trichlorobenzenes and possibly also 
dichlorobenzenes. During the third to fifth days the 
greatest maxima occurred at 291 and 282 my, the principal 
maxima for 1:2:3:5-tetrachlorobenzene, but absorption at 
the other maxima at lower wavelengths was still too great 
to be due to tetrachlorobenzene alone. An approximate 
estimation of trichlorobenzenes calculated from the 
absorption at 278 and 273 my, after correction for the 
tetrachlorobenzene present, indicated that about 9% of 
the dose might be present as dechlorination products, most 
of which were excreted during the first 2 days. The ab- 
sorption spectra of the ethanolic solutions of the expired 
air were unaffected by addition of acid or alkali, i.e. no 
chlorinated phenols were present. 
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Isolation and detection of metabolites of 
1:2:4:5-tetrachlorobenzene 


From urine. The urine collected in 6 days from three 
rabbits, which had collectively received 4-5 g. of 1:2:4:5- 
tetrachlorobenzene orally, was neutral, non-reducing and 
gave a moderate naphtharesorcinol reaction. The ethereal 
extract of the free phenols after paper chromatography 
gave 2:3:5:6-tetrachlorophenol (30 mg., 1-6% of the dose), 
m.p. and mixed m.p. 115°. Ether extraction of the acid- 
hydrolysed urine also gave 2:3:5:6-tetrachlorophenol, 
m.p. 115° (30 mg., 1-6% of the dose), (benzoate m.p. 136° 
and mixed m.p. 134-5°). Paper chromatography of the 
ethereal extract in solvent A revealed 2:3:5:6-tetrachloro- 
phenol, but 2:3:5:6-tetrachloroquinol was not present in 
amounts greater than 0-2% of the dose, the limits of 
detection. 

Daily examination of urine. Paper chromatography in 
solvent B of ethereal extracts of the urine steam-distillates 
used in the quantitative estimation of tetrachlorophenol 
revealed other chlorophenols. On the first day a single 
spot (R,» 0-89) giving the colour reactions of 2:5-dichloro- 
phenol or 2:3:5-trichlorophenol was revealed; 2:3:5:6- 
tetrachlorophenol was not present. Spectra of the steam- 
distillate gave a single maximum at 298 my in 0-1N-NaOH 
and at 278 my in 0-1N-HCl, which could indicate the 
presence of either 2:5-dichlorophenol or 2:3:5-trichloro- 
phenol. The second to the seventh days showed a principal 
spot corresponding with 2:3:5:6-tetrachlorophenol, and a 
series of other spots (R, 0-75-0-89), whose colour reactions 
and R, values correspond with 2:3-, 2:5- and 2:6-dichloro- 
phenols and 2:3:5-trichlorophenol. The spectra showed 
maximum absorption at 308 my in 0-1 n-NaOH and 293 my 
in 0-1N-HCl (2:3:5:6-tetrachlorophenol) but also exhibited 
several minor peaks and inflexions at lower wavelengths 
indicative of di- and tri-chlorophenols. The amounts of di- 
and tri-chlorophenols increased with time, until at the 
eighth to the twelfth days the tetrachlorophenol spot 
(Rp 0-72) was no longer the major one and finally dis- 
appeared. Instead the major spot had R, 0-80 with colour 
reactions indicative of 2:5-dichlorophenol or 2:3:5-trichloro- 
phenol, and the spots R, 0-86-0-89, corresponding to 2:3- 
and 2:6-dichlorophenols, were still present. The spectra of 
the eighth to twelfth days showed maxima at wavelengths 
298-308 my in 0-1N-NaOH and 275-295 my in 0-1N-HCl, 
but the highest maxima no longer corresponded with those 
of 2:3:5:6-tetrachlorophenol (308 my in 0-1N-NaOH and 
293 my in 0-1N-HCl), but occurred at lower wavelengths. 
These di- and tri-chlorophenols together could account for 
about 5% of the dose. 

After subcutaneous injection of 1:2:4:5-tetrachloro- 
benzene (400 mg. to one rabbit), a slight trace of 2:3:5:6- 
tetrachlorophenol only was found in the urine of the first 
day. During the second and third days, chromatography 
and spectra revealed only the tetrachlorophenol, but on the 
fourth to the sixth days traces of other chlorophenols, 
including probably 2:5-dichloro- or 2:3:5-trichloro-phenol, 
were detected. During the seventh and eighth days these 
lower chlorophenols and tetrachlorophenol were present in 
about equal amounts. 

2:3:5:6-Tetrachlorophenol (100 mg.) in 100 ml. of normal 
rabbit urine after acid hydrolysis gave a steam-distillate 
which contained no di- or tri-chlorophenols detectable by 
paper chromatography, and the spectrum showed only the 
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absorption maxima characteristic of 2:3:5:6-tetrachloro- 
phenol. 

From faeces and tissues. 1:2:4:5-Tetrachlorobenzene, m.p. 
and mixed m.p. 140°, was isolated from the faeces, gut 
contents, skin, body fat and the rest of the bodies of animals 
receiving the tetrachlorobenzene orally. After subcu- 
taneous injection of 1:2:4:5-tetrachlorobenzene only some 
2% of the dose was excreted unchanged in the faeces. 

From expired air. The absorption spectra of the ethanolic 
solutions of the expired air showed maxima at 277-278, 
270, 265 and 255 my with only a slight inflexion at 294 mp. 
The amount of 1:2:4:5-tetrachlorobenzene exhaled un- 
changed was therefore very small and the principal material 
exhaled by the rabbit probably consisted of dechlorination 
products of the tetrachlorobenzene, which from the position 
and extinctions of the absorption maxima appeared to be 
dichlorobenzenes. A rough calculation from the absorption 
at 270 and 265 my suggests that about 10% of the dose 
may be exhaled as dechlorination products over 3 days. 
No phenols were excreted in the expired air. 


RESULTS 


The quantitative aspects of the metabolism of the 
tetrachlorobenzenes are given in Tables 5 and 6. 
These tables show that some 70-80% of the dose 
can be accounted for, and we regard this recovery 
as reasonably satisfactory in view of the difficulties 
involved. There appears to be a difference between 
1:2:3:4-tetrachlorobenzene on the one hand and its 
two isomers on the other, since it appears to be 
more rapidly metabolized and more extensively 
oxidized to a tetrachlorophenol than its isomers. 
All the isomers appear to be slowly but fairly well 
absorbed in 6 days at the dose level (0-5 g./kg.) 
administered, since even with 1:2:4:5-tetrachloro- 
benzene only 16% appears in the faeces. Only 
about 5 % of the dose of 1:2:3:4-tetrachlorobenzene 
appears in the faeces. 

1:2:3:4-Tetrachlorobenzene appears to be mainly 
metabolized to 2:3:4:5-tetrachlorophenol (43%) 
which is partly excreted in the urine free (8 %), but 
is largely conjugated (Table 5). With this com- 
pound the main excretion of the conjugated tetra- 
chlorophenol occurred during the first 3 days after 
dosing. Apart from the small amount of the com- 
pound excreted unchanged in the faeces, some 10% 
of the dose remained after 6 days in the tissues, 
mainly the fat (Table 4), and some 8% had been 
eliminated in the expired air (Table 3). There seems 
to be a small conversion (about 2%) into less 
chlorinated benzenes which were detected in the 
breath of the animals. 

1:2:3:5-Tetrachlorobenzene is not oxidized to a 
great extent in 6 days after dosing, since only about 
10 % could be accounted for as urinary chlorinated 
phenols and nearly half the dose (49%) was found 
unchanged in the faeces (14%), expired air (12%) 
and the tissues (23%; mainly in the fat, which 
contained 11%) (Tables 3, 4 and 6). With this 
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isomer there was evidence that it was partly de- 1:2:4:5-Tetrachlorobenzene was the least meta- 
chlorinated in the gut to di- and tri-chlorobenzenes _ bolized of all three isomers. Only 2-3 % of the dose 
to the extent of 10-15%, and we assume that this was accounted for as 2:3:5:6-tetrachlorophenol. 
dechlorination was bacterial. Its main urinary Nearly 70% of the dose was unchanged in 6 days 
metabolite was 2:3:4:6-tetrachlorophenol, which after dosing (Table 6) and most of this (48 % of the 
was partly excreted free and partly conjugated dose) was found in the tissues, mainly the fat 
with glucuronic and sulphuric acids (Table 5). (Table 4). There was evidence that this isomer was 
Small amounts of urinary metabolites were still also partly dechlorinated, perhaps to a slightly 
being excreted 12 days after dosing. greater extent than 1:2:3:5-tetrachlorobenzene. 


Table 3. Elimination of unchanged tetrachlorobenzenes in the expired air of rabbits 
receiving these compounds orally 


Percentage of dose in expired air 











( y + 
Tetra- Days after dosing 
chlorobenzene Dose - ———* a 
fed (g./kg.) 1 2 3 4 5 Total 
1:2:3:4- 0-5 1-9 2-2 1-6 0-2 - 59 
0-3 0-3 1-7 6-7 —_ —_ 9-2 
1:2:3:5- 5 2-1 2-1 1-2 2-9 2-6 10-9 
0-2 0-9 3:2 9-8 — — 13-9 
1:2:4:5- 0-5 1-2 0-2 0-2 -- = 1-6 
Table 4. Tetrachlorobenzenes in tissues 
Dose, 0-5 g./kg. orally. Rabbits were killed 6 days after dosing. 
Percentage of dose found unchanged in 
- —— - — EEE _ _ _ —_— —_— — —— —, 
Tetrachlorobenzene Depot Gut Rest of 
fed Liver Brain Skin fat contents body Total 
0-1 — 2 5 0-5 2-0 10 
<0°5 <0-2 5 11 1-4 5-2 23 
0-1 <0-1 10 25 6-2 6-4 48 





Table 5. Urinary excretion of the metabolites of tetrachlorobenzenes 


Dose, 0-5 g./kg. orally. Figures given are mean values with ranges in parentheses and the number of experiments 
indicated by superior figures. 
Percentage of dose excreted as 


ene aS pocesensparnnsieninenid eee 





Tetrachlorophenol 


Tetrachlorobenzene Ethereal Mercapturic (oF 
administered Glucuronide sulphate acid Free Total 
30 (22-36)5 3 (1-8)5 <15 8 (7, 9)? 43 (38, 48)? 
6* (2-10) 2 (1-6) 08 1-9 (1-2, 2-5)? 5 (4, 6)? 
4t (1-8)4 1 (<1-2)" 08 1-3 (0-9, 1-6)? 2-2 (1-1, 3-2)? 





* Without collars, 5-5 (2-8)*®; with collars, to prevent coprophagy, 6 (4-10)*. 
t Without collars, 2 (<1-8)*; with collars, 4 (3-6). Ethereal sulphate values were not significantly different with or 
without collars. 


Table 6. Summary of excretion of metabolites of the isomeric tetrachlorobenzenes 


Dose, 0-5 g./kg. orally. Figures are mean values of two or three experiments covering excretion during 6 days after 





dosing. a 
Percentage of dose eliminated as 
—_ — eee cane a A 
3 
Phenols 
oo Unchanged tetrachlorobenzene in Other chloro- 
Tetrachlorobenzene ‘Tetrachloro- Other a M|@M—— ——, benzenes in 

fed phenols phenols Faeces Tissues Breath breath Total 

1:2:3:4- 43 <l 5 10 8 2 68 

1:2:3:5- 5 5 14 2% 12 9 68 

iE 2 5 16 48 2 10 83 
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During the period of the experiments, which ex- 
tended up to 12 days in some cases, it appeared that 


the expired air was a more important channel of 


elimination of 1:2:3:5- and 1:2:4:5-tetrachloro- 
benzenes than the urine, and was almost equal in 
importance to the faeces (Table 6). 


DISCUSSION 


When tetrachlorobenzenes are administered orally 
to rabbits it appears that four things can happen 
to them apart from some remaining for some time 
unchanged in the tissues. They can be (i) eliminated 
in the faeces, (ii) eliminated in the expired air, 
(iii) oxidized in the tissues to tetrachlorophenols, 
which are excreted in the urine free and conju- 
gated, and (iv) partly dechlorinated in the gut. 
Elimination in the faeces. All three tetrachloro- 
benzenes, when given by mouth in doses of 0-5 g./ 
kg. in arachis oil, are partly eliminated unchanged 
in the faeces. However, this process is not im- 
portant with the vicinal 1:2:3:4-tetrachlorobenzene, 
but does account for some 15% of the dose of 
1:2:3:5- and 1:2:4:5-tetrachlorobenzenes in 6 days. 
There is little doubt that part of the material 
excreted in the faeces, especially from the 1:2:3:5- 
isomer, is material that has been absorbed and then 
excreted via the bile into the intestine, since on 
subcutaneous injection of 1:2:3:5-tetrachloroben- 
zene (0-2 g./kg.) about a third of the dose is elimi- 
nated as such in the faeces in 6 days. Only 2% of 
an injected 1:2:4:5-tetrachlorobenzene 
found its way into the faeces in 6 days. 
Elimination in the expired air. Tetrachloro- 
benzenes are volatile in steam and tend to sublime. 
1:2:3:4- and 1:2:3:5-Tetrachlurobenzenes are about 
equally volatile in steam, and the 1:2:4:5-isomer is 
less so (this was determined by steam-distillation 
of 50mg. quantities of each and estimating the 
tetrachlorobenzenes spectrophotometrically in the 
distillates collected at intervals). The first two could 
therefore be expected to appear in the breath in 
greater amounts than the last. Table 3 suggests 


dose of 





Cl 
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that this is true. Since 1:2:3:4-tetrachlorobenzene 
is more readily metabolized by cxidation than the 
1:2:3:5-isomer, it could be expected that 1:2:3:5- 
tetrachlorobenzene would be the isomer appearing 
unchanged in greatest amounts in the breath. 
Table 3 suggests that this may also be true. 
Azouz et al. (1952) have already commented 
that some compounds may be eliminated in the 
expired air by a process analogous to steam- 
distillation. 

Oxidation to tetrachlorophenols. The tetrachloro- 
benzenes are oxidized to tetrachlorophenols, but 
this process is of importance only with the vicinal 
1:2:3:4-isomer, where it accounts for nearly half the 
dose. With the other two isomers it only accounts 
for 5 % or less of the dose. This may not be entirely 
a matter of absorption in view of the faecal excre- 
tion of injected 1:2:3:5-tetrachlorobenzene already 


mentioned. There is a _ possibility that since 
1:2:3:4-tetrachlorobenzene has two vicinal un- 


substituted positions in the ring, it is more readily 
oxidized in vivo than are the 1:2:3:5- and 1:2:4:5- 
isomers, which vicinal unsubstituted 
positions. This recalls the case of 1:3:5-trichloro- 


have no 


benzene, which also possesses no vicinal unsubsti- 
tuted positions and is not hydroxylated to any 
great extent in vivo compared with its 1:2:4- and 
1:2:5-isomers (Jondorf et al. 1955). Other work in 
this Laboratory has shown that dichlorophenols 
are excretory products of 1:3:5-trichlorobenzene 
(unpublished work). 1:2:3:4-Tetrachlorobenzene 
could form a_ 1:2-dihydro-1:2-diol, 1:2:3:4- 
tetrachloro-5:6-dihydrobenzene-5:6-diol (I), but its 
isomers could not. In fact 2:3:4:5-tetrachlorophenol 
(II) and 3:4:5:6-tetrachlorocatechol (III), meta- 
bolites of 1:2:3:4-tetrachlorobenzene, 
formed via the diol a (see below). 

Diol formation with the 1:2:3:5- and 1:2:4:5- 
isomers would require hydroxylation of a carbon 
atom already substituted by chlorine. If such a 
diol were formed then trichlorophenols could be 
metabolites. One possibility with 1:2:3:5-tetra- 
chlorobenzene is shown in b (see below). 


i.e. 


could be 


Cl Cl 
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We have in fact some evidence, though not 
unequivocal, that 3:4:5-trichlorophenol (VI) is a 
minor metabolite of this isomer. That (V) is a 
metabolite has been proved by isolation. The for- 
mation of trichlorophenols, however, could be the 
result of the oxidation of partly dechlorinated 
tetrachlorobenzenes which are discussed below. 

Dechlorination products. Table 1 shows that the 
absorption peaks in ethanol of monochlorobenzene 
are in the range 245-272 my, those of the dichloro- 
benzenes 250-281 mp, those of the trichloro- 
benzenes 265-287 my and those of the tetrachloro- 
benzenes 274-294 mp. Spectroscopic examination 
has suggested that rabbits tetrachloro- 
benzenes eliminate di- and tri-chlorobenzenes in 
expired air (see Fig. 4). With 1:2:3:5-tetrachloro- 
benzene this is most marked on the first 2 days 
after This suggestion was supported, 
particularly for 1:2:3:5- and 1:2:4:5-tetrachloro- 
benzenes, by the finding by chromatography and 
spectroscopy of small amounts of di- and tri- 
chlorophenols in the urine, particularly on the first 


given 


dosage. 


day after dosing (see Fig. 3). On subsequent days 
the major phenol found was the corresponding 
tetrachlorophenol. We believe that 
chlorinated benzenes were formed from the tetra- 
chlorobenzene in the gut, since on injection of 
1:2:4:5-tetrachlorobenzene, only the 


these less 


1:2:3:5- or 
corresponding tetrachlorophenol was detected in 
the urine for the first 3 days after dosing, but on the 
fourth to the eighth days di- and tri-chlorophenols 
appeared in the urine in increasing amounts. This 
reversal of the appearance of di- and tri-chloro- 
phenols in the urine after injection of the tetra- 
chlorobenzene is presumably the result of slow 
excretion of tetrachlorobenzene via the bile into the 
gut, where it is then partly dechlorinated by 
bacteria. The partly dechlorinated benzenes are 
then absorbed and oxidized to phenols. We have 
no information on the mechanism of the dechlorin- 
ation but our data suggest that it is not performed 
by the tissues of the rabbit. 


SUMMARY 


1. The metabolic fate of 1:2:3:4-, 1:2:3:5- and 
1:2:4:5-tetrachlorobenzenes in rabbits has been 
investigated. 

2. 1:2:3:4-Tetrachlorobenzene 
orally) is slowly metabolized and about 43% is 
oxidized in 6 days to 2:3:4:5-tetrachlorophenol, 
which is excreted in the urine, partly unchanged 
and partly conjugated. About 5% is eliminated 
in the faeces, 8% in the expired air and some 
10% is still in the tissues after 6 days. There 
is some evidence that a small proportion (2%) 
of the dose is partly dechlorinated, probably in 
the gut. 


(dose 0-5 g./kg. 
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Fig. 3. Ultraviolet spectra in 0-1N-NaOH of the steam- 
volatile products of acid-hydrolysed urines from a rabbit 
which had been dosed with 1:2:4:5-tetrachlorobenzene 
(1-5 g.). Curve A (—) is that from urine of the first day 
after dosing and the main peak is at 298 my, which 
corresponds to 2:5-di- or 2:3:5-tri-chlorophenol. Curve B 
(-++) is that of the second day after dosing and the 
main peaks are at about 298 and 308 my, and corre- 
spond to a mixture of the components of curves A and 
C. Curve C (—-—-—-) is that of the sixth day after dosing 
and the main peak is at 308 my and corresponds to 
2:3:5:6-tetrachlorophenol. 
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Fig. 4. Absorption spectrum in ethanol of the expired air 
of a rabbit collected for 12 hr. after an oral dose of 1-5 g. 
of 1:2:4:5-tetrachlorobenzene compared with the spectra 
of 1:3-di-, 1:2:4-tri- and 1:2:4:5-tetra-chlorobenzene in 
ethanol. Ordinates for curve A are arbitrary. 

Expired air: A 255, 265, 270, 277-278, 285, 294 mp 


Chlorobenzenes: 


1:2:4:5-tetra- B — — — 276, 285, 294 
1:2:4-tri- Cc — — 270, 278, 287, — 
1:3-di- D 256, 263, 270, 278, _-_ - 
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3. 1:2:3:5-Tetrachlorobenzene is very 
metabolized. Only about 5% is oxidized to and 
excreted as 2:3:4:6-tetrachlorophenol in 6 days. 
Some 14% is eliminated unchanged in the faeces, 
12 % in the breath and 23 % remains in the tissues 
after 6 days. There is evidence that some 9 % of the 
dose is dechlorinated and eliminated in the ex- 


slowly 


pired air as less chlorinated benzenes. Some 5 % of 


the dose may also be excreted in the urine as di- 
and tri-chlorophenols. Injected 1:2:3:5-tetra- 
chlorobenzene is partly excreted as such in the 
faeces, probably via the bile. 

4, 1:2:4:5-Tetrachlorobenzene appears to be the 
least readily metabolized of the three isomers. 
Only about 2% is converted into 2:3:5:6-tetra- 
chlorophenol in 6 days; 48 % of the dose was found 
in the tissues after 6 days, and 16% was in the 
faeces and 2% in the expired air. Dechlorination 
products could account for 15 % of the dose, about 
10 % of the dose appearing in the expired air as less 
chlorinated benzenes and 5 % in the urine as di- and 
tri-chlorophenols. Dechlorination of the tetra- 
chlorobenzenes is believed to occur in the gut, 
probably under the influence of bacteria. 


The work was supported by a grant from the Agri- 
cultural Research Council. 
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Glutamic—Alanine and Glutamic—Aspartic Transaminases 
of Wheat Germ 
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and Department of Scientific and Industrial Research 
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Since the discovery of the transamination reaction 
by Braunstein & Kritzmann (1937), transaminase 
systems have been studied in extracts from a number 
ofplant and animal tissuesand micro-organisms. This 
work has been reviewed by Braunstein (1947) and 
Cohen (1951, 1954). Results of many of the early 
investigations were conflicting, as crude enzyme 
preparations and non-specific quantitative methods 
were used. Recently much information on the pro- 
perties of animal and microbial transaminases has 
been obtained with purified enzyme preparations and 
specific quantitative methods. There is, however, 
little precise information on the plant transaminases. 

* Present address: Division of Food Preservation and 
Transport C.S.1.R.O., Botany School, University of 
Sydney, Australia. 





In the present investigation a study has been 
made of some of the properties of two partially 
purified transaminase enzymes from wheat germ. 
Wheat germ was chosen as the plant material 
because Leonard & Burris (1947) had previously 
demonstrated that it contained active transaminase 
systems. The two transaminase systems were as 
follows: 

(1) 1w-Glutamic acid + pyruvic acid= 
«-oxoglutaric acid + L-alanine 

(catalysed by glutamic—alanine transaminase) 
(2) 1w-Glutamic acid + oxaloacetic acid = 

a-oxoglutaric acid + L-aspartic acid 


(catalysed by glutamic—aspartic transaminase) 
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These reactions were followed by the specific 
chromatographic methods recently developed by 


Isherwood & Cruickshank (1954a, b respectively). 


MATERIALS AND METHODS 


Enzyme preparation 


Commercial wheat germ (kindly supplied by Dr J. Pace of 


the Research Association of British Flour Millers, Cereal 
Research Station, St Albans) was extracted three times 
with 1-5 vol. of ether and dried at room temperature. 
Removal of the fat caused the original flaky material to 
disintegrate into a powder. This defatted powder (15 g.) 
was suspended in 60 ml. of water in a stoppered bottle and 
the mixture agitated gently for 3 hr. by slowly rotating the 
bottle between rollers. The mixture was then centrifuged; 
the milky supernatant was adjusted to pH 5-7 with 
2n-acetic acid and the liquid again centrifuged. The clear, 
brown supernatant was brought to pH 7 with 2n-NaOH 
and the liquid treated with saturated (NH,),SO, (pH 7) at 
5°. The fraction precipitated between 33 and 66% satura- 
tion was suspended in a few millilitres of water, dialysed for 
15 hr. at 5° against 1% (w/v) KCl and finally adjusted to 
pH 7-5 or 8-0 with n-NaOH. No «-keto acids or amino acids 
could be detected in this preparation by the chromato- 
graphic methods referred to above. 


Substrates 


a-Keto acids. Commercial samples of «-oxoglutaric acid, 
oxaloacetic acid and pyruvic acid (as sodium pyruvate) 
were used. Chromatographic examination of their 2:4- 
dinitrophenylhydrazones showed that they were free from 
other keto acids. Immediately before use neutral 0-2M- 
solutions were prepared (with the addition of dil. NaOH if 
necessary) and these were diluted to 0-1m with 0-2m- 
phosphate buffer (KH,PO,-NaOH), pH 7-5 or 8-0. 

a-Amino acids. Commercial preparations were used. 
These were found by paper chromatography to be free 
from other amino acids. For enzyme studies the amino 
acids were prepared as 0-2 neutral solutions and diluted to 
0-1m immediately before use with 0-2m-phosphate buffer 
(KH,PO,—-NaOH), pH 7-5 or 8-0. 

Pyridoxal phosphate. A sample of the caicium salt of 
pyridoxal phosphate was kindly provided by Dr E. F. 
Gale, F.R.S., Department of Biochemistry, University of 
Cambridge. Immediately before use, 40 ug. was dissolved 
in 1 ml. of 0-2m-phosphate buffer, pH 7-5 or 8-0. 


Procedure 


To small tubes were added 1 vol. (0-2-0-4 ml.) of 0-2m- 
phosphate buffer (KH,PO,-NaOH), lvol. of 0-1M-a- 
amino acid solution and 1 vol. of transaminase preparation, 


and the mixture was incubated at 25° for 10 min.; 1 vol. of 


0-1m-a-keto acid solution was then added. To test the 
effect of inhibitors or coenzymes this procedure was 
slightly modified. Enzyme solution (2 vol.) was incubated 
for 15 min. at 25° with 2 vol. of inhibitor or coenzyme and 
2 vol. of phosphate buffer and then 1 vol. of 0-2M-a«-amino 
acid and 1 vol. of 0-2m-a-keto acid were added. Control 
experiments were carried out in which the enzyme pre- 
paration, phosphate buffer and water were incubated with 
and without addition of each «-amino acid or «-keto acid. 
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At specified times samples were removed for analysis, 
For the estimation of «-keto acids, 0-1 ml. of the enzyme 
digest was added to 0-5 ml. of 0-01 2-2:4-dinitrophenyl- 
hydrazine in 0-2N-HCl in ethanol contained in a stoppered 
centrifuge tube. The a-keto acids were then estimated by 
the method of Isherwood & Cruickshank (1954a). For the 
quantitative determination of the «-amino acids, a sample 
(0-1 ml.) of the enzyme reaction mixture was added to 
0-05 ml. of 0-3N-acetic acid. The mixture was centrifuged 
and samples of the supernatant were used for the estima- 
tion of the «-amino acids by the method of Isherwood & 
Cruickshank (19545). 

Results have been expressed as micromoles of reactant 
present in 1 ml. of enzyme digest. The percentage trans- 
amination (% 7), used to express transaminase activity, is 
defined as the percentage of the initial substrate trans- 
aminated during a specified time. This has been determined 
from the amount of substrate utilized or the amount of 
reaction product formed: the results should be identical 
whichever method is used. 


RESULTS 


The purified enzyme preparation contained only 
glutamic—alanine glutamic—aspartic trans- 
aminases. A preliminary examination of the crude 
aqueous extract of wheat germ showed that other 
transaminases were present, for transamination 
occurred to a small extent between «-oxoglutaric 


and 


acid and valine, leucine, phenylalanine, tyrosine and 
tryptophan. These other transaminases were lost 
during the purification procedure described above. 


Measurements in the glutamic—alanine system 

Preliminary experiments showed that there was 
no significant change in any of the reactants 
(reaction 1) when incubated singly with the enzyme 
preparation and that the value obtained for rate of 
transamination was the same whichever com- 
ponent was determined. Some results are given in 
Table 1. 

The results indicated that the glutamic—alanine 
transamination system was not being influenced by 
side reactions involving the formation or destruc- 
tion of any of the reactants, and that the estimation 
of any one of the reactants would serve as a 
measure of the progress of the reaction. 

Progress curves for the forward and reverse 
reactions are shown in Fig. 1. The points on the 
curves were obtained by estimating «-oxoglutaric 
acid and pyruvic acid at each specified time. 

The initial rates for the forward and reverse 
reactions were almost equal: at 7-5 min. 27-4 %of 
the t-glutamic acid had been converted into «- 
oxoglutaric acid and 26-6 % of the t-alanine into 
pyruvic acid. Equilibrium was reached in 30 min., 
the system remaining unchanged after incubation 
for a further 30 min. The equilibrium was slightly 
in favour of the formation of alanine and «-oxo- 
glutaric acid, the separate determination of pyruvic 


$$ 
TTT 


$e 


Table 1. Disappearance of substrate and formation of reaction product of a glutamic—alanine transaminase system of wheat germ 
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Table 2. Disappearance of substrate and formation of reaction product of a glutamic—aspartic transaminase system of wheat germ 
Incubation 


Substrate 


lutamic acid + 
oxaloacetic acid 


Aspartic acid + 
a-oxoglutaric acid 


x 


Concentrations are expressed as pmoles of reactant/ml. of digest; % 7' is the percentage of initial added keto (or amino) acid transaminated. Temp. 
( 
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and «-oxoglutaric acids giving practically the same 
figure for the equilibrium mixture (about 55% of 
the L-glutamic acid was changed). The equilibrium 
constant for reaction (1), 


_ [«-oxoglutaric acid] [t-alanine] 





a [L-glutamic acid] [pyruvic acid]’ 


was calculated after determining all four reactants, 
and was found to be 1-4 at pH 7-5. 


Measurements in the glutamic—aspartic system 


Preliminary experiments showed that there were 
no significant changes in the concentrations of L- 
glutamic, L-aspartic or «-oxoglutaric acids when 
they were incubated singly with the enzyme pre- 
paration. However, oxaloacetic acid was slowly 
converted into pyruvic acid and carbon dioxide in 
aqueous solution (with KH,PO,-NaOH buffer, 
pH 8) and this instability meant that a perfect 
equilibrium as described in reaction (2) could not 
be reached in practice. In the present experiments 
the loss in oxaloacetic acid due to non-enzymic 
decarboxylation to pyruvic acid was found to be 
2-4 % in 10 min. and a similar figure was obtained 
when oxaloacetic acid was incubated with the 
enzyme preparation. Some preliminary results for 
the transamination reaction are described in 
Table 2. These have been corrected for the slight 
loss due to non-enzymic decarboxylation men- 
tioned above but it is noticeable that even after 


this correction the % 7 based on oxaloacetic acid 
/O 
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Fig. 1. Rates of forward and reverse reactions catalysed 
by glutamic-alanine transaminase. Ordinate numbers on 
the right show % 7’ measured by pyruvic acid disap- 
pearance (or «-oxoglutaric acid formation) in reaction 
(1), with the substrates glutamic acid +pyruvic acid. 
Ordinate numbers on the left show % 7' measured by 
a-oxoglutaric acid disappearance (or pyruvic acid 
formation) in (1), with the substrates alanine +«-oxo- 
glutaric acid. Substrate concen. 0-025m; temp. 25°; 

pH 7:5. 0, «-Oxoglutaric acid; ™, pyruvic acid. 
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estimations was slightly higher for the forward re- 
action and lower for the reverse reaction (reaction 2) 
than the % T estimations of the other 
reactants. This indicated that the rate of oxalo- 
acetic acid decomposition was greater in the com- 
plete reaction mixture than that observed in the 
presence of the enzyme alone. It appears that the 
presence of glutamic or aspartic acids and, to a 
lesser extent, «-oxoglutaric acid increases the non- 
enzymic breakdown (Nisonoff, Henry & Barnes, 
1952). Though an active glutamic—alanine enzyme 


from 


was present in the extract used, the amount of 
alanine formed from the pyruvic acid produced in 
this way was not detectable on a paper chromato- 
gram at 10min. By comparison the % T of 
glutamic acid was of the order of 42%, which 
meant that the rate of the side reaction was 
relatively small under the experimental conditions. 

The results in Table 2, based on initial reaction 
velocities, that the forward reaction was 
about twice as fast as the reverse reaction. 

Complete progress curves for the forward and 
reverse reactions are shown in Fig. 2. These were 
based on estimations of «-oxoglutaric acid and 
oxaloacetic acid. 

The forward reaction was 5-10 % more rapid if 
measured by disappearance of oxaloacetic acid 
than if measured by «-oxoglutaric acid formation. 
In the reverse reaction the rate of disappearance of 
a-oxoglutaric acid was higher than the rate of 
Equilibrium was 


show 


formation of oxaloacetic acid. 
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Fig. 2. Rates of forward and reverse reactions catalysed 


by glutamic-aspartic transaminase. Ordinate numbers 
on the right show % 7' measured by oxaloacetic acid 
formation) in 
+ oxalo- 


disappearance (or «a-oxoglutaric acid 
reaction (2), with the substrates glutamic acid 
acetic acid. Ordinate numbers on the left show the % 7 
measured by disappearance (or 
oxaloacetic acid formation) in (2), with the substrates 
aspartic a-oxoglutaric acid. Substrate concen. 
0-025M; temp. 25°; pH 8. O, «-Oxoglutaric acid; @, 
oxaloacetic acid. 


a-oxoglutaric acid 


acid +4 
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both reactions in 30 min., but the 
observed position of equilibrium depended on 
whether oxaloacetic acid or «-oxoglutaric acid was 
determined. It was 75% in favour of the forward 
reaction, if oxaloacetic acid formation and dis- 
appearance were measured, and 68% 
glutaric acid was determined. Small changes 
detected in the period from 30 to 60min. were 
probably caused by the decarboxylation of the 
oxaloacetic acid: control experiments showed that 
the non-enzymic destruction of oxaloacetic acid 
increased from 7 to 13% during the period 30- 
60 min. Calculation of the equilibrium constant 
was made by directly estimating the concentration 
of each of the reactants after 30 and 60 min. The 
relatively slow change in the oxaloacetic acid 
concentration was not sufficient to affect seriously 
the equilibrium concentrations of the various 
reactants. The equilibrium constant 


reached for 


if «-oxo- 


K [«-oxoglutaric acid] [L-aspartic acid] 
A. = = . . . . 
[oxaloacetic acid] [L-glutamic acid] 


was 5:0, with initial substrate concentrations 


0-025M, pH 8 and temperature 25°. 


inzyme properties 


Pyridoxal phosphate. Addition 
phosphate (10 pg. of the calcium salt to 1 ml. of the 
reaction mixture) to digests containing the purified 
enzyme from wheat germ increased the glutamic- 
aspartic enzyme activity by 50-80%, depending 
on the treatment to which the enzyme had been 
subjected during purification, but did not affect 
the glutamic—alanine enzyme activity at all. The 
difference between the two enzymes was probably 
due to the difficulty of resolving the apoenzyme 
from coenzyme in the latter. Attempts to resolve 
the enzyme complexes by dialysis against distilled 
water, aq. 0-002N-NH, soln. or 1% KCl for 72 hr. 
were inconclusive, as the enzymes were largely 
irreversibly inactivated by the treatments. 

Effect of pH. The effect of pH on transaminase 
activity (measured as %7' in 10min., under 
standard conditions) is shown in Fig. 3. 

The optimum pH of the glutamic—alanine system 
was approximately 7-5 but there was little change 
between pH 7 and 8. The glutamic—aspartic 
transaminase showed maximum activity between 
pH 8-0 and 8-5. 

Effect of temperature. The effect of temperature 
on enzyme activity (measured as % 7’ in 10 min. 
under standard conditions) is shown in Fig. 4. The 
optimum temperature for each reaction 
between 40° and 50°. The fact that very little 
difference in activity was found between 40° and 
50°, under the experimental conditions used, sug- 
that the was 


of pyridoxal 


was 


gested inactivation of enzymes 


proceeding at 50°. 
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Table 3. Effect of some inhibitors on glutamic—alanine and glutamic—aspartic transaminase activity 


Substrate concn. 0-025m; temp. 25°; pH 7-5; incubation period 10 min. 








Substrate Substrate 
c xy 5 a na Soe . —_ ay 
Glutamic acid + pyruvic acid Glutamic acid + oxaloacetic acid 
a-Oxoglutaric a-Oxoglutaric 
acid formed acid formed 
Final concen. (umoles/ml. Inhibition (umoles/ml. Inhibition 
Inhibitor (mm) of digest) (%) of digest) (%) 
fos 1-5 ay 8-8 
lodoacetate 1-0 7-5 0 8-0 9 
Malonate 10-0 7-0 7 8-8 0 
KCN 1-0 4-5 40 7-0 20 
AgNO, 0-1 5-0 33 8-8 0 
AgNO, 1-0 0-0 100 5-3 40 
Semicarbazide 1-0 6-2 18 71 19 
Semicarbazide 2-0 2-¢ 70 3-5 60 
Hydroxylamine 1-0 0-8 90 1-4 84 
or 50 
5 
3 45 
© 40 
E 
« 
c c 
« ° 
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& c 
8 E 30 
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8 
2 15 . 
v 
2 
& 20 
o 
som 7 3 9 * 
pH 
Fig. 3. Effect of pH on transaminase activity. % 7 10 
measured by «-oxoglutaric acid formed. Substrate 
concn. 0-025M; temp. 25°; incubation period 10 min.; 
pH 6-8, 0-05m-phosphate buffer (KH,PO,-NaOH); 
pH 8-9, 0-05m-sodium borate—potassium chloride buffer 
Na,B,O,-KCl). Glutamic—alanine transaminase, 
(Na,B,0,-KCl). 0, G alan nuenee 720 30 40 50 


substrates glutamic acid+pyruvie acid; O, glutamic— 
aspartic transaminase, substrates glutamic acid + 
oxaloacetic acid. 


The temperature coefficient (Q))) was calculated 
for each reaction from the ratio % T' («-oxoglutaric 
acid) at 35°/% T («-oxoglutaric acid) at 25°. The 
Qo of reactions (1) and (2) was 1-3 and 2-1 re- 
spectively. 

Inhibitors. The effects of different inhibitors 
on the activity of the two enzymes is listed in 
Table 3. 

The glutamic—alanine transaminase was com- 
pletely inhibited by mm-AgNO, but only 30% 
inhibited by 0-1 mm-AgNO,. The glutamic—aspartic 
transaminase was less sensitive to the presence of 
Ag* ions. Iodoacetate (mm) and malonate (10 mm) 
did not affect the transaminase activity. 

13 


Temperature (°) 


Fig. 4. Effect of temperature on transaminase activity 
% T was measured by «a-oxoglutaric acid formed. 
Substrate conen. 0-25m; incubation period 10 min. 
O, Glutamic-alanine transaminase, substrates glutamic 
acid+pyruvic acid, pH 7:5; ©, glutamic-aspartic 
transaminase, substrates glutamic acid +oxaloacetic 
acid, pH 8. 





DISCUSSION 


The present study indicates that the glutamic 
alanine enzyme from wheat germ has many pro- 
perties similar to those of the corresponding 
enzymes from animals and micro-organisms. The 
equilibrium constant for the reaction, 1-4 at pH 7-5 
and 25°, is close to the latest figure of 1-53 at 
pH 7-4 and 25° reported by Krebs (1953) for the 
Bioch. 1958, 69 
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animal enzyme. Lénard & Straub (1942) reported 
1:43 and Cohen (1940) 1-0 for this enzyme from 
animal sources. The enzyme showed its maximum 
activity at pH 7-5, but there was only a small 
change in activity between pH 7 and 8. Kritzmann 
(1939) records 7-4 for plant and animal trans- 
aminase systems and Rautanen (1946) 6-9 for the 
glutamic—alanine enzyme from many plant tissues. 
The effect of temperature on the rate of the trans- 
amination reaction is complicated by the inactiva- 
tion of the enzyme above 50°, but if this is ignored 
an apparent optimum was found between 40° and 
50° under the experimental conditions used. 
Rautanen (1946) reported a figure of 41°, but a 
longer incubation period was used to measure the 
initial rate of the reaction. The effect of pyridoxal 
phosphate on the purified enzyme was small, though 
it seems clear that this compound is the coenzyme 
for transaminase enzymes from animal tissues and 
micro-organisms (Lichstein, Gunsalus & Umbreit, 
1945; Schlenk & Snell, 1945; Green, Leloir & 
Nocito, 1945). Attempts to resolve the purified 
enzyme into apoenzyme and coenzyme by dialysis 
against aqueous solutions were only 
partially successful, and it seems that the plant 
enzyme must be much less easily split without 
denaturation of the protein moiety than some of the 
animal enzymes. The inhibition of the glutamic— 
alanine transaminase from wheat germ by silver 


various 


nitrate and potassium cyanide, and the lack of 


inhibitory effect with iodoacetate and malonate, 
are in general agreement with the results reported 
for animal transaminases (Braunstein, 1947). The 
main differences between the enzyme from wheat 
germ and that from animal sources is the sensi- 
tivity of the former to hydroxylamine and semi- 
carbazide. This suggests that an aldehyde or keto 
group is present in the enzyme complex and that if 
it is attached to pyridoxal phosphate, the link 
between the apoenzyme and the coenzyme must be 
different in the plant and animal enzymes. 

The properties of the glutamic—aspartic enzyme 
from wheat germ were similar to those of the 
enzymes extracted from animal tissue and from 
micro-organisms. The equilibrium constant at 
pH 8 and 25° was 5-0. Figures of 5-4 at pH 7-5 and 
25°, 6-7 at pH 7-4 and 25° and 7-8 at pH 7-4 and 
37-5°, have been reported by Darling (1945), Krebs 
(1953) and Nisonoff, Barnes & Enns (1953) 
respectively for animal enzymes. The enzyme 
showed optimum activity between pH 8-0 and 8-5. 
For the corresponding enzyme in oat embryo 
(Albaum & Cohen, 1943), Escherichia coli (Lichstein 
& Cohen, 1945) and Streptococcus faecalis (Lichstein 
et al. 1945) optimum activity was shown at pH 8-6, 
8-5 and somewhere between 5-7 and 9-5 respec- 
tively. The activity of the enzyme reached an 
apparent maximum between 40° and 50°, as with 
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the glutamic—alanine enzyme from wheat germ. 
Cohen (1940) reported a figure of 40° for the 
animal enzyme. The effect of pyridoxal phosphate 
on the purified enzyme from wheat germ suggests 
that a considerable resolution into apoenzyme and 
coenzyme had occurred during the isolation pro- 
cedure. This contrasts sharply with our experience 
with the glutamic—alanine enzyme, which did not 
split at all readily, but is similar to the observations 
of O’Kane & Gunsalus (1947) on pig heart-muscle 
transaminases. They found that the glutamic- 
aspartic enzyme was resolved by heating at 56° 
followed by ammonium sulphate precipitation, 
whereas the glutamic—alanine enzyme was not 
split. The sensitivity of the glutamic—aspartic 
enzyme from wheat germ to hydroxylamine and 
semicarbazide is similar to that of the glutamic- 
alanine enzyme and is much greater than with the 
corresponding animal enzymes (Braunstein, 1947). 
The configuration of the enzyme complex is 
probably different for the two groups of enzymes. 

The separation and purification of the glutamic- 
alanine and glutamic—aspartic transaminases of 
heart muscle have been reported from several 
laboratories (Meister, 1955), so that it is clear that 
reactions (1) and (2) are catalysed by two different 
enzymes in the animal. In the present work on 
wheat-germ extracts, we have not separated the 
individual enzymes but there seems little doubt 
that two separate enzymes are also responsible for 
satalysing reactions (1) and (2) in the plant. 
Treatment of the original extract with ammonium 
sulphate gave a fraction in which the glutamic- 
aspartic enzyme was largely in the apoenzyme 
form whereas the glutamic—alanine enzyme was 
still unresolved. The effect of silver nitrate on this 
fraction from wheat-germ extract also suggested 
that two different enzymes were responsible. The 
glutamic—alanine enzyme was inhibited at lower 
concentrations of Ag* ion than the glutamic- 
aspartic enzyme. If a single protein had been 
responsible for both enzyme activities the effect of 
Ag™ ions might be expected to be similar for both 
enzymes. 


SUMMARY 
1. The transamination reactions 
L-glutamic acid + pyruvic acid: 
“-oxoglutaric acid + L-alanine 
(catalysed by glutamic—alanine transaminase) 
and 


L-glutamic acid + oxaloacetic acid = 
«-oxoglutaric acid + L-aspartic acid 


(catalysed by glutamic—aspartic transaminase) 


have been studied with partially purified enzyme 


preparations from wheat germ. 
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2. The glutamic—alanine transaminase has an 
equilibrium constant of 1-4 at 25° and pH 7-5, and 
an optimum pH of 7-5. 

3. The glutamic—aspartic 
equilibrium constant of 5-0 at 25° and pH 8 and an 
optimum pH between pH 8-0 and 8-5. 

4, The effect of pyridoxal phosphate and some 
inhibitors on the transaminases suggests that the 
two systems may be catalysed by two different 
enzymes, as are the animal glutamic—alanine and 
glutamic—aspartic transaminase systems. 


enzyme has an 
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Chondroitin sulphate from hyaline cartilage has 
been prepared by several procedures which give 
products with physical properties differing accord- 
ing to the method used for extraction. Successively 
larger quantities can be extracted from fresh 
cartilage by water (Partridge, 1948b), neutral 
salts such as 30 % potassium chloride (Einbinder & 
Schubert, 1950) or 10 % calcium chloride (Meyer & 
Smyth, 1937; Blix & Snellman, 1945) and by 
alkali, which has been used extensively (Mérner, 
1889; Levene & La Forge, 1913; Jorpes, 1928; 
Firth & Bruno, 1937; Bray, Gregory & Stacey, 
1944; Mathews, Roseman & Dorfman, 1951). 


Shrinkage of collagen in cartilage by heat-treat- 
ment increases the yield of water-soluble chon- 
droitin sulphate (Partridge, 19486), as does very 


prolonged extraction with water (Shatton & 
Schubert, 1954). The yield from alkaline extractions 
is high, but extraction with neutral salt gives much 
smaller yields and the remaining polysaccharide 
can be extracted only with alkali (Blix & Snellman, 
1945; Einbinder & Schubert, 1950). By making a 
solution of potassium chloride mildly alkaline with 
potassium carbonate Einbinder & Schubert (1950) 
increased the yield of chondroitin sulphate con- 
siderably. Alkali is therefore particularly effective 
in releasing soluble chondroitin sulphate from 
cartilage, but the polysaccharide is obtained in a 
comparatively degraded form as judged by the 
relatively low molecular weight of such prepara- 
tions, although the values depend partly on the 
method of measurement. Values ranging from 975 
13-2 
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(Fiirth & Bruno, 1937) to 30 000 have been recorded 
(Meyer, Odier & Siegrist, 1948; Mathews & Dorfman 
1953; Mathews, 1956). The material is polydisperse 
and can be separated by precipitation into frac- 
tions of larger and smaller molecular size (Mathews, 
1956). Analyses of such preparations are generally 
in fairly good agreement with figures calculated for 
a simple polysaccharide and only traces of amino 
acids can be found (Mathews, 1956). 

In with 10% calcium 
chloride gives a viscous product, which has a 


contrast, extraction 


molecular weight several times greater than that of 


the product of alkaline extraction, although only 
one-tenth of the total hexosamine is extracted 
(Blix & Snellman, 1945; Mathews & Dorfman, 1953; 
Mathews, 1956). 


Analyses of such preparations 
show them to contain more nitrogen and less 
hexosamine than would calculated for the 
simple polysaccharide. This has generally been 
attributed to protein 
other than collagen, as hydroxyproline is absent. 


be 


contamination by some 
In the present work, however, evidence is pre- 
sented to show that the material is a chemically 
bound polysaccharide—protein complex containing 


approximately 10% of protein, the integrity of 


which is essential in maintaining its high viscosity. 
This material, which will be referred to as the 
chondroitin sulphate complex, may represent a 
small and more soluble component of cartilage, in 
which tissue the bulk of the polysaccharide is 
bound in some other complex which cannot be 
dissolved without disruption. Some of this work 
has already been presented in two preliminary 
communications (Muir, 1956, 19575). 


METHODS AND MATERIALS 


Total nitrogen. This was determined by the micro- 
Kjeldahl method. Solutions containing 0-5-1 mg. of N 
were digested with 2 ml. of 10% (w/v) selenium in H,SO, 
(M.A.R., British Drug Houses Ltd.) for 2 hr. 

Hexosamine. Hexosamine was estimated by a modifica- 
tion of the Elson & Morgan (1933) method (Kraan & Muir, 
1957). The polysaccharide was hydrolysed in sealed tubes 
at 100° for 8 hr. in 3-8n-HCl. 

Sulphate. A modification of the method of Dodgson & 
Spencer (1953) was used. The precipitation of benzidine 
sulphate was carried out sintered-glass funnels 
(7 cm. x4cm.; average pore diameter 2) stuck into a 
large bung bored half-way through with holes fitting the 
tips of the funnels which were thus sealed at the bottom. 
After 16 hr. at 4° the precipitate was collected under slight 
suction and washed twice with 5 ml. of acetone saturated 


on 


with benzidine sulphate and once with acetone, and then 
dissolved in 3 ml. of N-HCl and washed through with 3 ml. 
of water. The benzidine in the filtrate was estimated as 
described by Dodgson & Spencer (1953), except that 
0-15% NaNO, was used, the coloured solution diluted 
20 times and its intensity measured in lcm. cells at 
490 my. Formic acid (6N) was used for hydrolysis in sealed 
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tubes heated at 100° for 9 hr. The contents of the tubes 
were made up to volumes containing 50-150 yg. of sulphate/ 
ml. and the sulphate was estimated directly in 1 ml, 
samples. Formic acid does not interfere with the precipita- 
tion of benzidine sulphate. The values obtained were 
reproducible to within 1%. 

Sodium. Sodium was determined directly without com- 
bustion. A direct-reading flame photometer with gelatin 
filters was used. 

Hydroxyproline. The method of Neuman & Logan (1950) 
was used to establish the absence of hydroxyproline. 

Amino acids. Amino acids were identified by two- 
dimensional paper chromatography. The polysaccharide 
was hydrolysed with 6N-HCl in sealed tubes at 100° for 
8 hr., and excess of acid removed by evaporating to dryness 
over solid NaOH. Samples calculated to contain approx. 
140 wg. of total amino acid in 10 yl. of water were applied to 
Whatman no. 3 paper, which was irrigated with butanol- 
acetic acid—water (63:10:27) and then at right angles with 
phenol saturated with water (NH, atmosphere). Leucine 
and isoleucine were separated by substituting the phenol by 
butanol saturated with water (3% NH, atmosphere) 
(Consden, Gordon & Martin, 1944). Because of the presence 
of large amounts of amino sugar, basic amino acids were 
identified by chromatography in one direction with 
butanol-acetic acid—water followed by paper electro- 
phoresis at right angles, in 0-04M-veronal buffer, pH 8-6, 
and with a potential gradient of 6v/em. for 5 hr. (Blass, 
Macheboeuf & Rebeyrotte, 1953). The chromatograms were 
stained with 0-1% (w/v) ninhydrin in butanol. 

Quantitative estimation of amino acids was carried out 
on columns of Dowex 50 by the method of Moore & Stein 
(1951) as modified by Bowes, Elliott & Moss (1955). The 
chondroitin sulphate complex (200 mg.) was hydrolysed 
under reflux for 24 hr. in 750 ml. of constant-boiling HCl 
soln. The solution was evaporated to dryness and the 
residue taken up in 10 ml. of water; 1 ml. was applied to 
each column. Duplicate analyses were carried out. In one 
analysis of the chondroitin sulphate complex a known 
quantity of histidine was added to confirm the presence of 
histidine, which had not been definitely identified on paper. 
The small histidine peak was raised by the calculated 
amount. In one analysis of the papain-digested complex a 
known amount of aspartic acid was added as a marker. 

Sugars. Amino sugars were identified by paper chro- 
matography on Whatman no. 3 or 54 papers, irrigated with 
butanol-acetic acid—water (4:1:5) (Partridge, 1948a) for 
44-48 hr. The polysaccharide was hydrolysed with 3-8N- 
HCl for 8 hr. at 100° and the excess of HCl removed at 
room temperature. Chromatograms run at the same time 
were stained with (a) 0-1% (w/v) ninhydrin in butanol; 
(b) benzidine (Harris & MacWilliam, 1954); (c) the Elson & 
Morgan reagent (Partridge, 1948a); (d) by dipping in a 
solution of 3 ml. of aniline in 75 ml. of acetone, to which 
had been added 25 ml. of 30% (v/v) phosphoric acid 
(A.R.) in water. Amino sugars were readily stained by (¢) 
when the paper was heated at 95° for 5-7 min. 

The presence of neutral sugars was sought by hydrolysing 
the chondroitin sulphate complex in sealed tubes at 100° in 
n-HCI for 10 hr. and in 0-5N-HCl for 16 hr. Excess of acid 
was removed in vacuo over solid NaOH at room temper- 
ature, and the residue examined for sugars by paper 
chromatography; irrigation was with butanol-acetic acid- 
water (Partridge, 1948a). Separate chromatograms were 
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stained with benzidine, naphtharesorcinol (Harris & 
MacWilliam, 1954) and aniline—phosphoric acid as de- 
scribed above. In some experiments 300 yg. of hydrolysed 
material was used on one chromatogram, to enable less than 
2% (by wt.) of neutral sugar to be detected by the stains 
employed. 

Viscosity. Relative viscosities were measured in water or 
buffer solutions at 25-+0-02° in Ostwald viscometers (B.S. 
188, no. 1), whose water-times were 196, 201 and 204 sec. 
In all enzyme experiments the flow-time of the appropriate 
buffer alone was measured and of the polysaccharide in the 
buffer. 

Optical rotation. Optical rotations were measured in 
2 dm. tubes at 25°. Aqueous solutions of the sodium salt of 
the polysaccharide were used. 

Electrophoresis. Solutions (1%, w/v) of the preparations 
were examined in the Perkin—Elmer Tiselius electrophoresis 
apparatus at pH 7-4 in phosphate buffer (0-016mM-Na,HPO, 
+0-0335m-NaH,PO,) and at pH4 in acetate buffer 
(0-4m-sodium acetate + 1-6m-acetic acid). Ionic strengths 
were varied between 0-2 and 0-8 by adding sodium sulphate. 
Fig. 1 shows tracings of the boundaries at pH 7-4. In two 
experiments 1% (w/v) crystalline bovine-serum albumin 
was added to compare mobilities at pH 7-4 of the chon- 
droitin sulphate complex and of that which had been 
digested with papain. 

Animals. The tracheal and laryngeal cartilage of 6- to 
8-month-old pigs was obtained within a few hours of death. 
Muscle and connective tissue were carefully removed and 
the cartilage was frozen with solid carbon dioxide and 
sliced. When it had thawed it was minced and extracted at 
once. 





Sodium chondroitin sulphate complex 


Minced cartilage (1 kg.) was homogenized in 200 g. 
portions in a Waring Blendor while suspended in 10% 
CaCl, adjusted to pH 6-8. The temperature was not 
allowed to rise above 25° but air was not excluded. The 
total volume of CaCl, was 3 1. The portions were combined, 
nitrogen was passed in for 45 min. and the suspension left 
to stand at 4° in an atmosphere of nitrogen for 2 days and 
shaken occasionally. The product was squeezed through 
several layers of cheese cloth and the semi-gelatinous 
residue again suspended in 1 1. of 10% CaCl,, homogenized 
in a Waring Blendor and left to stand under nitrogen at 4° 
for 24 hr. This material was also squeezed through cheese 
cloth and the filtrates were combined, stirred and carefully 
saturated with ammonium sulphate. After standing over- 
night at 4° the very thick precipitate was removed by 
filtration through Celite and washed twice with 500 ml. of 
saturated ammonium sulphate. Filtrate and washings 
were combined and dialysed against several changes of 
201. of distilled water until no sulphate could be detected 
with barium chloride in the diffusate. The dialysis sacs 
were prevented from bursting with sheaths of silk net tied 
at both ends. A small amount of precipitate formed, which 
was removed by filtration through Celite and the Celite 
washed with a small volume of water. Filtrate and wash- 
ings were combined (61.) and the chondroitin sulphate 
complex was precipitated with [Co(NH,),|Cl, as described 
by Mathews & Dorfman (1953). It was converted into the 
sodium salt by their procedure and again precipitated with 
[Co(NH,),|Cl,, converted into the sodium salt and dialysed 
against four changes of 101. of distilled water at 4°. The 
resulting solution (1300 ml.) was treated with 4 ml. of 
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acetic acid and then 8 g. of sodium acetate. It was then 
slowly run into 41. of cold ethanol stirred by a stream of 
nitrogen. After standing for 2 days at 4° the precipitate 
was collected by centrifuging and was washed successively 
with 95% ethanol, ethanol and peroxide-free ether, and 
was finally dried in vacuo over P,O, at 45° for 3 days. The 
yield was 7-1 g. The analysis of the product is given under 


(A) in Table 1. 


Further purification of the chondroitin 
sulphate complex 


A portion (3 g.) from the above preparation was dis- 
solved in 1 1. of water and made acid to methyl] orange with 
acetic acid. A saturated solution of 5-aminoacridine 
hydrochloride (British numbering) in water was slowly 
added with stirring until the precipitate flocculated, after 
which no more precipitate formed. The solution was left to 
stand overnight and the precipitate collected by centri- 
fuging. It was washed three times by suspending in water 
and centrifuging. It was finally suspended in 300 ml. of 
2-5 % (w/v) sodium formate, and shaken with Zeo-Karb 225 
(Na*) (The Permutit Co. Ltd.) until the supernatant, which 
gradually became more viscous, showed no blue fluor- 
escence. The resin was removed and washed four times with 
100 ml. of water and the solution and washings were com- 
bined and dialysed against three changes of 5 1. of distilled 
water. The solution was again made acid with acetic acid 
and the polysaccharide reprecipitated with 5-amino- 
acridine hydrochloride. After conversion into the sodium 
salt as described above, the volume of the solution was 
reduced by dialysing under pressure, nitrogen at 12 lb./in.? 
being used, against three changes of 5 1. of distilled water. 
The dialysis sacs were supported by sheaths of silk net. The 
last traces of acridine were removed by placing some resin 
in the dialysis water. The polysaccharide was precipitated 
with ethanol and dried as described above. The yield was 
2-7 g. The analysis of the sodium salt is given in Table 1 
under (B) and the amino acid composition in Table 2. 
Aqueous solutions (1%, w/v) did not flocculate or show 
any opalescence when heated at 100° for 40 min., nor when 
treated with sulphosalicylic acid, uranyl acetate, tungstic 
acid, cadmium chloride or trichloroacetic acid. 


Papain-treated chondroitin sulphate complex 


Crude papain (100 mg.) was activated by incubating at 
45° for 30 min. in 10 ml. of 0-02m-acetate buffer, pH 5-4, 
which contained cysteine and disodium ethylene diamine- 
tetra-acetate (Kimmel & Smith, 1954). The insoluble 
matter was removed by filtering and the filtrate added to a 
solution of 1 g. of purified chondroitin sulphate complex in 
50 ml. of 0-02Mm-acetate buffer, pH 5-4. Some crystals of 
benzoic acid were added and the whole was incubated 
overnight at 45°. Some proteolytic activity was still present 
at the end of this time when tested against gelatin film. 
The solution was dialysed against six changes of 41. of 
distilled water for 48 hr. It was diluted to 506 ml. and the 
polysaccharide purified by precipitating twice with 5- 
aminoacridine hydrochloride as This 
procedure did not precipitate papain from its solution in 
acetate buffer. After conversion into the sodium salt by 
shaking with Zeo-Karb 225 (Na*) as described above, the 
polysaccharide was precipitated with ethanol and dried as 
of which 


described above. 


previously described. The yield was 840 mg., 
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500 mg. was treated a second time with papain, twice 
precipitated with 5-aminoacridine and finally obtained as 
the sodium salt The analysis of the final sample is given in 
Table 1 and amino acid composition in Table 2. 


Alkali-treated chondroitin sulphate complex 


The crude chondroitin sulphate (500 mg.) was dissolved 
in 50 ml. of 0-15n-NaOH. After 4 days at room temper- 
ature the solution was neutralized with HCl soln. and 
diluted to 250 ml. The polysaccharide was twice precipi- 
tated with 5-aminoacridine and finally obtained as the 
sodium salt, the analysis of which is given in Table 1. 


Trypsin-treated chondroitin sulphate complex 


The purified complex (100 mg.) in 20 ml. of 0-02m- 
veronal buffer at pH 7-7 was treated with 400yg. of 
crystalline trypsin dissolved in 0-4 ml. of buffer. After 
4 hr. at 25° a further 400 yg. of trypsin was added. Proteo- 
lytic activity was still present 4 hr. later when the solution 
was tested with gelatin film. After 24 hr. the solution was 
dialysed against three changes of 150 ml. of distilled water 
for 24hr., diluted to 50ml., and the polysaccharide 
isolated with 5-aminoacridine and converted into the 
sodium salt as described above. 


Ultrafiltration experiments 


In duplicate experiments, 300 mg. samples of the com- 
plex and of the papain-digested complex were dissolved in 
50 ml. and subjected to ultrafiltration through supported 
dialysis tubing by applying a pressure of 12 Ib./in.?. 
Volumes equal to about 80% of the original volume were 
collected and measured exactly. These ultrafiltrates were 
evaporated under reduced pressure and made up to 10 ml. 
Sulphate and hexosamine were determined in 2 ml. 
samples after hydrolysis, and the remainder was examined 
for amino acids after hydrolysis in 6N-HCl followed by 
evaporation to dryness in vacuo. The amino acids in this 
residue were extracted with 75% (w/v) aq. ethanol from 
salt which was also present in the ultrafiltrates. Control 
experiments were first carried out on each sample of un- 
treated material. The volume in the sac was then restored 
to 50 ml. and the procedure repeated after treatment of the 
sample. The hexosamine content of the solutions was 
determined before the second ultrafiltration, to account 
for any losses during the control experiments. Ultra- 
filtrates were obtained from two types of experiment: 
(a) those in which the purified chondroitin sulphate 
complex and the papain-digested complex had been 
separately treated with 0-15n-NaOH for 4 days at room 
temperature and the solutions neutralized; (b) those in 
which the purified complex in 0-02m-acetate buffer at 
pH 5-4 had been treated with 50 mg. of activated papain 
and incubated at 45° overnight. Ultrafiltrates of solutions 
of polysaccharide with activators, but without papain, and 
of activated papain alone, were also examined. Those from 
papain were not analysed for amino acids. The results are 
given in Table 3. 


Paper chromatography of chondroitin sulphate 


The chondroitin sulphate complex after various treat- 
ments was examined on Whatman no. 2 paper which was 
irrigated with a mixture of 45% (v/v) propan-l-ol and 
55% 0-2M-boric acid. A portion (10-30 yg.) of the sodium 
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salt of the complex was applied to the paper. The poly- 
saccharide was stained by dipping the dried paper in aq. 
0-1 % toluidine blue for 1 min. The paper was then hung in 
a bath of lukewarm water for 10 min., which reduced the 
background colour to a pale blue and left the polysac- 
charide stained a deep blue; 3 ug./cm.? could be detected. 
Precipitation of proteins and polyanions from 

aqueous solutions by 5-aminoacridine hydrochloride 

Undiluted serum proteins formed a slight precipitate 
when treated with a saturated aqueous solution of 5- 
aminoacridine hydrochloride but redissolved immediately 
at pH 5-5. No precipitate was formed with neutral or acid 
solutions of 5% (w/v) gelatin, nor with acid-soluble 
collagen dissolved in dilute acetic acid. A precipitate was 
formed from 2% (w/v) solutions of hyaluronic acid at pH 4 
but redissolved at pH 2. A 1% solution of yeast nucleic 
acid formed a precipitate which would not redissolve in 
0-5N-HCl. Chondroitin sulphate was precipitated from 
very dilute solution containing 0-1 m-mole of sulphate 
groups. 


RESULTS 
Chemical composition 


Table 1 shows the chemical analyses of the chon- 
droitin sulphate complex as extracted with 10% 
CaCl, after various treatments, compared with the 
values calculated for the sodium salt of a simple 
polysaccharide made up of units of N-acetyl 
chondrosine sulphate and four molecules of water. 
All samples were dried under the same conditions, 
and it was assumed that each contained the same 
amount of water, as it is difficult to dehydrate 
chondroitin sulphate completely (Meyer et al. 
1948). After purifying by precipitation with 
[Co(NH,),|Cl, (Mathews & Dorfman, 1953), there 
remained an appreciable amount of non-hexos- 
amine nitrogen, corresponding to approx. 15% of 
protein. This was reduced to about 10% when the 
complex was further purified by precipitating with 
5-aminoacridine, which forms insoluble salts with 
organic sulphates (Dodgson, Rose & Spencer, 
1954). This reagent did not precipitate undiluted 
serum proteins, gelatin or acid-soluble collagen. 

Digestion with papain greatly reduced the 
protein nitrogen and raised the other analytical 
values to the calculated figures. Only the sodium 
value remained 10% below the calculated figure. 
Treatment of the crude complex (Table 1, A) with 
dilute alkali at room temperature, before the 
purification with 5-aminoacridine, gave a product 
entirely free of protein nitrogen (Table 1), and no 
amino acids were detected by paper chromato- 
graphy, even when a large sample of hydrolysate 
was applied to the paper. 

The protein associated with the polysaccharide 
in the complex was shown by paper chromato- 
graphy and electrophoresis, and by quantitative 
chromatographic analysis (Moore & Stein, 1951), to 
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poly contain a considerable amount of serine anda large hydrate which may cause destruction of amino 
1 aq proportion of dicarboxylic and a much smaller acids during hydrolysis (Block & Bolling, 1951; 
‘he proportion of basic amino acids. Aromatic amino Martin & Synge, 1945). 
ae acids were scarce and only traces of those con- Serine was the only amino acid which was not 
yS8ac- ae 1 r ° ° ° . 
ted taining sulphur could be detected. No hydroxy- greatly reduced by papain digestion, but remained 
| proline was found by the Neuman & Logan (1950) in almost half the original amount (Table 2). Its 
; | procedure. The results are given in Table 2. The proportion relative to other amino acids was thus 
ride | whole complex contained only 1:77% of non- _ greatly increased, so that it was prominent on 
ass hexosamine nitrogen, of which 72% was accounted paper chromatograms. The determination of the 
ce for. This result is relatively satisfactory as amide very small residue of protein nitrogen of the 
itely | nitrogen was not determined and approximately papain-digested material was unavoidably in- 
anid two-thirds of the material consisted of carbo- accurate and a complete chromatographic analysis 
luble | . —— ———_——__—_— — _ . Sncbcena ences 
a4 Table 1. Analytical values of sodium chondroitin sulphate from pig tracheal cartilage 
D 
cleic Values were determined before and after purification with 5-aminoacridine, and after treatment with papain, and with 
re in | dilute alkali followed by purification with 5-aminoacridine. 
from oo 
hate Crude purifying with (B) After (A) After 
material 5-aminoacridine treatment treatment Calc. for 
(A) (B) with papain with alkali C,,H,,0,,NSNa,,4H,O 
Nitrogen (% 4:47 3-92 2-84 2-46 2-44 
Hexosamine (%) 26-3 27°5 31-0 - 31-1 
10n- Non-hexosamine nitrogen 2-4 1-77 0-412 T — 
0 9 by difference (%) 
/o : ; » i a ee 
the Sulphate (%) 14-1 14-5 16-6 15-7 16-68 
aple Sodium (%) 6-0 6-62 7-2 7-2 8-01 
etvl Relative viscosity in water 
ter of 0-5 % solutions 
nn (y/No) at 25° 4-63 4-5 1-39 1-37 — 
a [a] 23 oo — 33° —27-6° — 26-2° — 28-32°* 
al 
rate * Meyer, Davidson, Linker & Hoffman, 1956. + Paper chromatography showed no amino acids present. 
al. —— a - a 
vith Table 2. Amino acid content of the chondroitin sulphate complex 
nere 
sai: Amino acids remaining associated with the polysaccharide after digestion of the complex with papain are also listed. 
6 of Chondroitin sulphate complex Papain-digested complex 
the (1-77 % of protein N) (0-412 % of protein N) 
vith a eta ane ee ae elisa” aetna ge 
: Amino acid Moles/ Amino acid Moles/ 
vith N (g./100 g. of 50000 mol.wt. N (g./100 g. of 50 000 mol.wt. 
cer, | (% protein N) complex) of complex (% protein N) complex) of complex 
ited Glycine 7-07 0-67 4-47) ” 
vo oa 7-55 0-18 cea 
Alanine 5-64 0-634 3-56 — va 
the Valine 4-46 0-66 2-82 2-9 0-10 0-43 
baal Serine 6-38 0-848 4-04 11-9 0-367 1-75 
os Threonine 3°35 0-504 2-11 — - ~ 
lum Leucine 6-26 1-04 3-96 a - ~~ 
ure. Isoleucine 2-99 0-496 1:89 a ° : 
vith Phenylalanine 3°31 0-69 3-09 — - — 
h Tyrosine 1-87 0-424 1-17 - - —- 
the Cystine* Trace — —- - - 
luct Proline} 1-07 0-154 0-67 -- — - 
| no Hydroxyproline 0-0 0-0 0-0 -— = — 
ato- Arginine 9-73 0-536 1-54 —- : — 
we Histidine 2-87 0-187 0-6 - a — 
ate Lysine 3:27 0-302 1-03 — - — 
Aspartic acid 55s 0-938 3-53 1-09 0-043 0-16 
ride Glutamic acid 7-57 1-407 4-79 2-61 0-113 0-38 
ato- Unknown 0-82 — “= — -— - 
tive 72-24 


), to * As cysteic acid. + Value not accurate owing to proximity of large glutamic acid peak. 
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was not attempted, but only serine and those 
amino acids which were eluted in its vicinity were 
estimated. The amino acids present in lesser 
quantities in the original complex, namely phenyl- 
alanine, tyrosine, proline, threonine and the basic 
amino acids, could not be detected on paper 
chromatograms of the papain-digested complex. 
In contrast, digestion with trypsin did not change 
the amino acid pattern of the complex. 

The purified complex did not contain any 
neutral sugars, as none could be detected by paper 
chromatography after hydrolysing with n- and 
0-5n-acid. The amino sugar of the polysaccharide 
was identified as galactosamine on paper chro- 
matograms after hydrolysis in hydrochloric acid, 
by comparison with an authentic specimen of the 
hydrochloride. A second spot was also obtained 
which had similar reactions to galactosamine but 
its R, was very much smaller than that of either 
galactosamine or glucosamine in butanol—acetic 
acid—water (Partridge, 1948a). It was identified as 
due to the salt of galactosamine with sulphuric 
acid, which is more firmly bound than hydro- 
chloric acid. It had been suggested that this sub- 
stance might be the epimer of galactosamine 
(Muir, 1957a). However, there is sufficient sul- 
phuric acid in hydrolysates of chondroitin sulphate 
to form considerable quantities of this salt, even in 
the presence of a large excess of hydrochloric acid. 
The free amino sugar was not liberated from its 
sulphuric acid salt by ammonia solution (sp.gr. 
0-880) applied to the spot, and the hydrochloride 
could be obtained only by addition of barium 
chloride. Ammonium sulphate, when added to 
galactosamine hydrochloride, produced a similar 
spot. Such behaviour is in agreement with recent 
observations (Leaback & Walker, 1957). Both 
spots gave lyxose on oxidation with ninhydrin 
(Stoffyn & Jeanloz, 1954). 


Electrophoresis 

The purified chondroitin sulphate complex 
(Table 1, B), which contained 10% of protein, was 
electrophoretically homogeneous at ionic strengths 
from 0-2 to 0-8 in phosphate buffer, pH 7-4, and 
acetate buffer, pH 4. Fig. 1 shows tracings of 
patterns obtained at pH 7-4. The mobilities of the 
original material and of the papain-digested 
complex were identical when compared with an 
internal standard of bovine-serum albumin (Kunkel 
& Tiselius, 1951), and were 16-7 x 10-5 em.?/sec./V 
at pH 7-4. 


Effect of proteolytic enzymes, alkali and heat on the 
viscosity of the chondroitin sulphate complex 
The effects of different proteolytic enzymes on 
the viscosity of the complex were approximately 
compared by measuring the flow-time of solutions 


H. MUIR 


1958 


of chondroitin sulphate in the appropriate buffer 
before and after addition of enzyme. The large 
variations in the viscosity of chondroitin sulphate 
in the presence of salts (Mathews, 1953) were thus 
approximately allowed for. 

Trypsin and chymotrypsin reduced the flow- 
time of solutions of the crude complex by 20-25 %. 
No further effect of trypsin was observed when fresh 
enzyme was added after 4}hr., although pro- 
teolytic activity could still be detected in the 
solution 2 hr. later, when tested against gelatin 
film. Pepsin at pH 1-9 almost halved the flow- 
time, but was without effect at pH 6-8, and 
carboxypeptidase had almost no effect. These 
results are illustrated in Fig. 2. In contrast with 
these enzymes, papain caused a rapid and large 
fall in the flow-time of solutions of the complex, as 
shown in Fig. 3, even though the relative substrate 
concentration was greater than that used in the 
experiments with trypsin, chymotrypsin and 
pepsin. Crude papain contains at least two pro- 
teolytic enzymes (Kimmel & Smith, 1954), but the 
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Fig. 1. 
ascending and descending boundaries; Perkin-Elmer 
Tiselius apparatus model 38. Chondroitin sulphate 
complex 1% (w/v) in 0-02m-phosphate buffer, pH 7-4, 
plus 0-21Mm-sodium sulphate, J 0-7; potential gradient 
4v/em. (1) Ascending boundary, after 60 min.; (2) 

after (3) ascending 


descending boundary, 60 min.; 


boundary, after 120 min.; (4) descending boundary, after 
120 min. Direction of migration is shown by arrows. 


Tracings of electophoresis scanning photographs of 
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purified crystalline enzyme was more active than 
the crude enzyme and reduced the flow-time by 
80% within a few minutes, as shown in Fig. 3. 
p-Chloromercuribenzoate completely inhibits pa- 
pain at a concentration of 0-1 mm, and this con- 
centration also inhibited its effect on the viscosity 
of solutions of the complex. In this experiment the 
activated enzyme was dialysed for 16 hr. to remove 
excess of cysteine and _ ethylenediaminetetra- 
acetate which had been used to activate it, so that 
it had lost some of its activity, as can be seen from 
Fig. 3. 

Very dilute alkali at 25° also caused a decrease in 
the viscosity of solutions of the complex. The 
effect of 0-015N-NaOH was to reduce the relative 
viscosity from 4-37 to 3-8 in 1 hr.; this continued to 
fall gradually to 1-48 in 36hr. Although 0-01N- 
alkali also reduced the viscosity, 0-0075nN-NaOH 
was without effect after 5 hr. 

Digestion of the complex with papain or treat- 
ment with 0-15N-NaOH resulted in products which 
had similar relative viscosities; both were low com- 
pared with that of the untreated complex, as 
shown in Table 1. 

Heat-treatment of the chondroitin sulphate 
complex did not significantly effect its viscosity. 
The relative viscosity of 0-5% solutions in water 
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Time after adding enzyme (min.) 

Fig. 2. Effect of proteolytic enzymes at 25° on flow-times 
measured in Ostwald viscometers of solutions of the 
crude chondroitin sulphate complex. The percentage 
decrease in flow-time is calculated from the formula 
100 (x -y)/z, where x is the flow-time for untreated 
complex and y the flow-time for substrate after addition 
of enzyme. @, Solution (1%) in 0-02M-citrate buffer, 
pH 1-9, plus pepsin (l0yg./ml.); O, 0-5% solution in 
0-02m-veronal buffer, pH 7-7, plus trypsin (10yg./ml.); 
A, 0-5% solution in 0-02M-veronal buffer, pH 7-7, plus 
chymotrypsin (10 g./ml.); m, 0-5% solution in 0-02M- 
veronal buffer, pH 7-7, plus carboxypeptidase (10 yg./ 


ml.). 
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was reduced by only 1-5 % after heating for 40 min. 
at 100°. The solution did not flocculate or become 
opalescent. 


Effect of proteolytic enzymes, alkali and heat on the 
chromatographic behaviour of the chondroitin 
sulphate complex 


Changes in the behaviour of the chondroitin 
sulphate complex, on paper chromatograms irri- 
gated with propan-l-ol-boric acid paralleled 
changes in its viscosity after various treatments. 
The untreated complex remained at the origin, as 
did that which had been heated or treated with 
those enzymes which did not greatly affect its 
viscosity, namely trypsin, chymotrypsin and 
carboxypeptidase. On the other hand, papain and 
alkali, which caused a large decrease in viscosity, 
also changed the chromatographic behaviour of the 
polysaccharide, which now travelled with R, 0-6. 
Neither papain inhibited by p-chloromercuri- 
benzoate nor 0-1N-NaOH acting for less than 
5 min. had this effect. After longer exposures to 
alkali, the proportion of material of R, 0-6 in- 
creased with time until no material remained at the 
starting line, but there was no change of optical 
rotation during this process. The effect of treatment 
with pepsin, which approximately halved the flow- 






time of solutions of the complex, was similar to 
0 2-28 
10 
20 


Decrease in flow-time (%) 
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Time after adding enzyme (min.) 

Fig. 3. Effect of activated papain (Kimmel & Smith, 
1954) at 25° on flow-times measured in Ostwald visco- 
meters, of solutions of the chondroitin sulphate complex 
in 0-02m-acetate buffer at pH 5-5. The percentage 
flow-time is calculated as in Fig. 2. @, 
Solution (0-4%) plus crystalline papain (1pg./ml.); 
O, 1% solution plus crude papain (l0pg./ml.); A, 
0-4% solution plus crude papain (10yg./ml.), dialysed 
for 16 hr. to remove 0-4% 
solution plus crude papain (10g./ml.), dialysed for 
16 hr. plus p-chloromercuribenzoate (0-1 mm). 


decrease in 


excess of activators; BB, 
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that obtained by treatment for 15-30 min. with 
0-1N-NaOH. Some of the material moved with 
R, 0-6 and some remained at the origin, and there 
appeared intermediate streaks. 
effect at pH 6:8. 


Pepsin had no 


Ultrafiltration 


Experiments of type (a) (see Methods and Materials). 
No amino acids and negligible amounts of hexos- 
amine and sulphate were found in hydrolysed 
ultrafiltrates obtained either from solutions of the 
untreated purified complex or from solutions of the 
papain-digested complex which had been reisolated 
and purified. However, after treatment with 
dilute alkali, the hydrolysed ultrafiltrates from 
both these materials contained amino acids in the 
same relative proportions as were present in the 
starting materials. An appreciable amount of 
hexosamine, and roughly twice this amount of 
sulphate, also became diffusible, as shown in 
Table 3. Part of the diffusible sulphate was free 
inorganic sulphate and could be precipitated by 
barium chloride without previous hydrolysis. 
Barium chloride does not precipitate chondroitin 
sulphate from dilute solutions. Some inorganic 
sulphate was also slowly released from commercial 
chondroitin sulphate by 0-15 N-alkali. 

Experiments of type (b) (see Methods and Materials). 
Treatment of the purified complex with papain 
gave rise to rather less diffusible hexosamine and 
sulphate (Table 3). 


DISCUSSION 


The chondroitin sulphate extracted from pig 
tracheal cartilage was not contaminated by other 
polysaccharides, since during purification the 
molar ratio of hexosamine to sulphate remained 


Table 3. 
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unity, no neutral sugars were found and galactos. | 


amine was the sole amino sugar present. The 
sodium analyses were, however, low, even of pre- 
parations containing very little non-hexosamine 
nitrogen. This may be due to the presence of some 
lactone rings (Meyer & Rapport, 1951), which 
would not have been opened as alkaline conditions 
were carefully avoided. 

The small protein residue which could not be 
removed by further purification is unlikely to have 
been held by electrostatic forces or hydrogen bonds 
to the chondroitin sulphate because the complex 
was extracted with neutral calcium chloride and 
subsequently saturated with ammonium sulphate. 
The purified chondroitin sulphate complex mi- 
grated as a single boundary on electrophoresis and 
did not dissociate even when the ionic strength was 
increased by addition of sodium sulphate, a salt 
which is particularly effective in dissolving in- 
soluble salts of chondroitin sulphate with complex 
cations (Vouras & Schubert, 1957), and which 
might be expected to displace chondroitin sulphate 
from its salts with protein. Furthermore, the 
protein component of the complex contained a 
large proportion of dicarboxylic amino acids, but 
only a small proportion of basic amino acids. 
Nevertheless, the difficulty of removing traces of 
protein contaminating preparations of acidic poly- 
saccharides is well known. The residual protein of 
the complex was not collagenous, since it contained 
no hydroxyproline and less glycine and arginine 
than collagenous proteins (Bowes et al. 1955), but 
serum proteins have also been found in connective 
tissue (Boas, 1955; Humphrey, Perkins & Neu- 
berger, 1957) and some non-collagenous protein is 
present in cartilage (Shatton & Schubert, 1954). 
Although 5-aminoacridine did not itself precipitate 


Analysis of ultrafiltrates 


Two types of experiment are reported: (a) after the effect of 0-15 N-NaOH on the chondroitin sulphate complex, and on 
the papain-digested complex; (b) after the effect of papain on the complex. The diffusible hexosamine and sulphate, 
determined after hydrolysis, are calculated as % of the total in starting materials. Amino acids were identified after 





hydrolysis. —, Not estimated. 3 
‘ f Hexosamine 
(% of total) 
No. of experiment I Il 
(a) 
Chondroitin sulphate complex treated 6-77 6-65 
with NaOH and neutralized 
Complex alone — 0:3 
Papain-digested complex treated with 14-32 9-52 
NaOH and neutralized 
Papain-digested complex alone 2-9 0-8 
() 
Complex + papain and activators* 6-09 4-25 
Complex + activators 0-9 - 
Activators + papain 0 — 


Sulphate 
(% of total) Amino acids 
Ye aaa aN — Se 
I II I II Ill 
14-17 14-2. Same relative proportions as in 


complex 


1-8 1-8 None None None 
21-0 14-82 Serine and other residual acids 

0 0 None None None 
5-6 = . = 


* Ethylenediaminetetra-acetate + cysteine (Kimmel & Smith, 1954). 
+ Free inorganic sulphate determined without hydrolysis was 6-1%. 
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serum proteins, there remained the possibility that 
the protein residue had become adsorbed on to the 
precipitate. This was unlikely, however, because 
when the protein had been previously detached 
from the polysaccharide by treatment with alkali, 
but was still present in solution during the pre- 
cipitation, a protein-free product was obtained by 
the same procedure that had been used to purify 
the complex. The low viscosity of this product 
appeared to be mainly due to removal of the 
protein, since a product of similar low viscosity 
resulted from papain treatment, which left only a 
small residue of protein nitrogen. The presence of 
contaminating papaya lysozyme cannot explain the 
effect of papain, which was inhibited by a sul- 
phydryl reagent that does not greatly affect 
lysozyme (Smith, Kimmel, Brown & Thompson, 
1955). 

The similar electrophoretic mobility of the 
complex and papain-digested product is to be 
expected, because the protein component amounted 
to only one-tenth of the total complex and con- 
tained few basic amino acids. Mathews & Dorfman 
(1953) found no difference between the mobilities 
of chondroitin sulphate extracted with alkali, 
which contained only traces of amino acids, and 
that extracted with calcium chloride. 

The protein moiety of the complex appeared to 
be bound to the polysaccharide by a bond as 
sensitive to alkali as an ester, because very dilute 
alkali caused a loss of viscosity. The residue which 
remained after digestion of the complex with 
papain was also labile to alkali. Since the greater 
part of this residue was serine, it would seem that 
the protein moiety was linked to chondroitin 
sulphate through serine, which may be combined 
with an acidic group of chondroitin sulphate as 
phosphate is attached to the hydroxyl group of 
serine in phosphoproteins. These are labile to 
alkali but more stable to acid (Perlmann, 1955). 
Blix & Snellman (1945) found that the viscosity of 
a chondroitin sulphate preparation extracted with 
calcium chloride was not greatly affected by acid 
but was reduced by dilute alkali. 

Chondroitin sulphate complexes appear to be 
linear (Webber & Bayley, 1956; Bernardi, 1957) and 
it has been suggested that the polysaccharide 
chains are cemented together by protein (Muir, 
1956) in an end-to-end arrangement (Webber & 
Bayley, 1956). If the complex from pig cartilage 
has a molecular weight of 50 000, as does that from 
ox cartilage (Mathews, 1956), four molecules of 
serine would be present in each molecule, while 
after papain digestion almost two would remain, so 
that the protein moiety could be attached at both 
ends to chondroitin sulphate molecules, in the 
manner suggested. The protein moiety was small 
enough to diffuse through dialysis tubing, so that 
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its removal should not greatly affect the viscosity 
unless it joined together longer carbohydrate 
chains. Its small size also makes it unlikely that 
the effect of papain can be explained by the re- 
moval of an impurity of very high molecular 
weight, to which Mathews (1956) attributes the 
effect of proteolytic enzymes on the viscosity of 
chondroitin sulphate from ox cartilage. 

Mild extraction procedures which 
breakdown should select only smaller molecules, 
leaving most of the chondroitin sulphate in in- 
soluble complexes of very large moiecular weight. 
Larger yields are obtained after autolysis (Ein- 
binder & Schubert, 1950), and digestion with 
papain is known to release most of the polysac- 
charide sulphate from various tissues (Slack, 1955). 
It was therefore to be expected that good yields of 
chondroitin sulphate of low viscosity would be 
obtained by the methods described above when the 
cartilage had first been treated with papain. Since 
good yields are also obtained by alkaline extraction 
of other tissues, chondroitin sulphate to protein 
bonds which are alkali sensitive should occur 
generally. Alkali, however, causes breakdown in 
addition to the detaching of protein, because more 
diffusible carbohydrate appears when the papain- 
digested complex is treated with alkali. Mathews 
(1956) similarly found that dilute alkali degrades 
chondroitin sulphate to smaller units. The slow 
liberation of inorganic sulphate by alkali might 
explain why some preparations of chondroitin 
sulphate extracted with alkali are low in sulphate 
(Bray et al. 1944; Einbinder & Schubert, 1950; 
Firth & Bruno, 1937). On the other hand, Blix & 
Snellman (1945) observed that although new 
acidic groups appear when chondroitin sulphate is 
treated with alkali, only a fraction can be attri- 
buted to the hydrolysis of ester sulphate. 

The chondroitin sulphate complex of pig tracheal 
cartilage differs from complexes obtained from ox 
cartilage by Shatton & Schubert (1954), Mathews 
(1956) and Webber & Bayley (1956) in con- 
taining rather less protein and in being resistant 
to trypsin and chymotrypsin. This resistance may 
be due to the low aromatic and basic amino 
acid content (Green & Neurath, 1954) and may 
depend upon a species difference, since glutamic 
acid, a prominent feature of the complex from 
pig cartilage, was absent from material from ox 
cartilage (Webber & Bayley, 1956). 


cause no 


SUMMARY 


1. A chondroitin sulphate complex was extracted 
from pig tracheal cartilage with calcium chloride. 
After purifying there remained nearly 10% of 
protein. Contamination by other polysaccharides 


was excluded. 
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2. The complex was electrophoretically homo- 
geneous and did not dissociate at high ionic 
strengths. 

3. Its high viscosity depended upon the in- 
tegrity of the protein component, which was 
destroyed by papain but which was resistant to 
trypsin and chymotrypsin, and partially resistant 
to pepsin. 

4. Dilute alkali also brought about a large fall in 
viscosity, after which chondroitin sulphate entirely 
free of amino acids was obtained from the crude 
material by the same procedure as had been used to 
purify the complex. 

5. Quantitative amino acid analysis showed that 
considerably more di- 
carboxylic than basic amino acids and a large 


the complex contained 
amount of serine. 

6. After digestion with papain half the original 
amount of serine was left, whereas the quantities of 
the other amino acids which remained were very 
much less. A small proportion of the total hexos- 
amine and inorganic sulphate appeared in ultra- 
filtrates. 

7. Ultrafiltrates purified 
complex and from that which had been isolated 
again after digestion with papain contained no 
hexosamine sulphate or amino acids, until treated 
with dilute alkali, when amino acids appeared in the 
same relative proportions as were present in the 
original materials, together with some sulphate and 
hexosamine. 

8. It is concluded that the complex consists of 
polysaccharide chains of variable but moderate 
length, cemented together by polypeptide units 
attached to carbohydrate by a bond as sensitive to 
alkali as an ester or lactone. 
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Many different substances are known to affect the 
yields of penicillin from growing cultures of 
Penicillium chrysogenum. Under the usual con- 
ditions, it is difficult to distinguish between the 
effect of a substance on growth of the mould (and 
hence the indirect effect on production of peni- 
cillin) and its direct effect on antibiotic synthesis. 
The use of washed mycelium (Halliday & Arnstein, 
1956) was considered as a solution to the problem, 
since such mycelium can produce penicillin in a 
simple medium which would not permit growth. 
Washed mycelium is known to require oxygen 
and phenylacetate to synthesize benzylpenicillin. 
The amino acids cystine and valine are incorpor- 
ated if they are added, as can be shown by radio- 
active-tracer experiments (Halliday & Arnstein, 
1956), but their effect on yields of penicillin from 
washed mycelium has not been examined critically. 
This report summarizes experiments which show 
that several amino acids and other nutrients cause 
significant changes in the yield of penicillin. 


EXPERIMENTAL 


Preparation and use of mycelium. The culture of P. 
chrysogenum Wis. 51-20 F3 was maintained in sterile soil. 
For the preparation of spores, this stock culture was 
streaked on molasses—agar (Perret, 1953) and incubated for 
12 days at 24-25°. These cultures were stored at about 4°. 
The spores were washed from the surface of the medium 
with 0-02 % Teepol (Shell Chemical Co.) in 0-1 M-potassium 
phosphate buffer (54g. of KH,PO,/105 g. of K,HPO,) 
at pH 7. The density of this spore suspension was adjusted 
so that a 1 in 10 dilution had an optical density of 0-35, 
measured at 660 my in the Evelyn colorimeter. A volume 
(3 ml.) of the undiluted suspension was then used to 
inoculate each growth flask. The liquid medium for the 
growth of the mycelium was that of Jarvis & Johnson 
(1950), without phenylethylamine and with the ammonium 
lactate reduced from 6 g./l. to 3-5 g./l. The latter modi- 
fication was found to give increased penicillin yields under 
the conditions used. Volumes of medium (100 ml. in 
500 ml. conical flasks) were inoculated with spores as 
described above, and incubated on a rotary shaker at 
250 rev./min. and at 24-25°. Mycelium was harvested on a 
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sintered-glass filter and washed four times with the 
original volume of water (Halliday & Arnstein, 1956). In 
studies of production of penicillin, 1 g. amounts of wet 
mycelial pad were weighed into 100 ml. flasks, together 
with 9 ml. of 0-01M-phosphate buffer, pH 7, containing 
potassium phenylacetate (final conen. 0-1 g./l., cale. as 
phenylacetic acid) and other substances as required. The 
flasks were incubated on the shaker as described above for 
2 hr., then the contents were filtered through paper and the 
filtrates assayed for penicillin. 

Penicillin assays. Penicillin was assayed by the method 
of Humphrey & Lightbown (1952) with Bacillus subtilis 
NCTC 8241 as test organism, and commercial sodium 
benzylpenicillin (4, 8 and 16 units/ml. in 0-1 M-phosphate 
buffer, pH 7) as standard. The dry weight of the mycelium 
was determined by heating 1 g. of the mycelial pad for 
48 hr. at 85°. Yields of penicillin from washed mycelium 
were recorded as units/ml./2 hr., converted into 12 mg. dry 
wt. of mycelium/ml. if the actual dry weight varied from 
this figure. 

Effect of nutrients. The effect of added nutrients (other 
than phenylacetate) was examined with mycelium which 
was harvested when 60-62 hr. old. In each experiment, 
seven replicate flasks were used for each of two treatments 
(i.e. with and without the specific nutrient), and the 
contents of each flask were assayed separately for peni- 
cillin. The mean penicillin yields were compared statistic- 
ally by Student’s ¢ test, after an F test had shown the 
variances of the two treatments not to differ significantly. 
The ‘endogenous’ penicillin, produced in small amounts in 
the absence of added phenylacetate, was neglected in 
making these calculations. 

Growth of washed mycelium. Experiments to determine 
the effect of nutrients on growth were performed by incu- 
bating replicate samples of mycelium (of known dry 
weight) with various nutrients. After 2 hr. on the shaker, 
the mycelium was filtered off, washed, dried, weighed and 
the increase in dry weight calculated. It was found 
advantageous to use 5 g. samples of mycelium in 50 ml. of 
liquid, in order to detect more easily the small changes in 
dry weight. The experiment was done in three parts (see 
Table 2) because of limitations of shaker space. 

Cystine in mycelium. Washed mycelium was examined 
for free cystine by the following method (cf. Schram, 
Moore & Bigwood, 1954): the mycelium was extracted 
with 75 % (v/v) ethanol at about 40°, and the extract was 
evaporated to dryness. The residue was dissolved in 10% 
(v/v) propan-2-ol and the solution was passed through a 
small column of Zeo-Karb 225 resin (The Permutit Co. 
Ltd.) in the hydrogen form. The resin was washed with 
water, and then eluted with aq. N-NH, soln. This eluate was 
evaporated to dryness under reduced pressure, and the 


residue was oxidized with performic acid to convert 
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cystine and cysteine into cysteic acid. After removal of 
the performic acid by evaporation, the oxidized material 
was again passed through a resin column as above, and the 
resin was washed with water. The aqueous effluent was 
concentrated by evaporation and fractionated either on 
paper chromatograms (developed with propan-2-ol, 70%, 
v/v) or on columns of Dowex-2 resin (10% cross-linked; 
The Dow Chemical Co.) in the chloride form (developed 
with 0-01 N-HCl). Cysteic acid and related substances were 
then detected by reaction with ninhydrin. A solution of 
cysteic acid was prepared for reference purposes by oxidiz- 
ing L-cystine with performic acid. 

Chemicals. The inorganic chemicals, lactose, and glycine 
were of A.R. quality. Phenylacetic acid, pi-valine, L- 
glutamic acid, L-cystine, DL-serine and L-leucine were 
laboratory reagents (British Drug Houses Ltd.). These 
substances, with the exception of the cystine, dissolved 
readily in the phosphate buffer which was used to suspend 
the mycelium. Cystine solutions were prepared by boiling 
the buffer with the required amount of cystine, then 
allowing the liquid to cool; nevertheless, some of the sub- 
stance remained undissolved. 


RESULTS 
Effect of age of mycelium 


Samples of mycelium, harvested at various times 
after inoculation of the growth medium, were 
washed and their ability to synthesize penicillin 
from phenylacetate was determined in duplicate. 
At the same time, determinations were made of the 
total dry weight of the growing mycelium, the 
penicillin concentration in the growth medium and 
the 
washed mycelium in the absence of phenylacetate. 


‘endogenous’ production of penicillin by 


The results are shown in Fig. 1. 
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Fig. 1. Changes in total penicillin produced in growth 
flask (A), dry weight of mycelium/growth flask (A), 
‘endogenous’ penicillin from washed mycelium harvested 
at different ages (O) and penicillin from washed my- 
celium harvested at different ages and incubated with 
phenylacetate (@), for shake-flask cultures of P. 
chrysogenum Wis. 51-20 F 3. 
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In preliminary experiments, potassium pheny]- 
acetate (0-5 g./I.) added to the growing 
cultures at 30-40 hr. after inoculation, in order to 
stimulate synthesis of penicillin. It was later found 
that this had no apparent beneficial effect on the 
ability of the washed mycelium to produce peni- 
cillin when exposed to phenylacetate. Indeed, 
cultures grown without phenylacetate reached the 
stage of maximum production of penicillin earlier, 
and showed more rapid growth than those with 
added phenylacetate, which is known to be slightly 
toxic to the mould (Singh & Johnson, 1948). 
Mycelium grown without phenylacetate was used 
in all subsequent work, and it was harvested at 
60-62 hr., the age at which occurred the maximum 
rate of production of penicillin by washed my- 
celium (Fig. 1). 


was 


Penicillin yield with various nutrients 

Several substances were tested for their influence 
on yields of penicillin from washed mycelium, in the 
presence of phenylacetate. 

Cystine. During some the 
synthesis of penicillin by washed mycelium of 
different ages, L-cystine (0-5 g./l.; 0-002M) caused 
slight increases in yield, over the whole growth 
cycle. The significance of these increases was 
tested by the use of larger numbers of replicate 
samples of mycelium, with the results shown in 
Table 1. In two such trials (Expts. 1 and 3), the 
increase in yield of penicillin in the presence of 


experiments on 


cystine was significant at the 5% level, and in 
another trial (Expt. 2) the significance just failed 
to reach the 5% level. When these results were 
pooled and submitted to an analysis of variance, 
the stimulation by cystine was significant at the 
0-1% level. That is, P, the probability that the 
effect was due to chance, was less than 0-001. 
The absolute yields in Expt. 3 were much higher 
than normal, although cystine was still stimu- 
latory. Mycelium for this experiment had shown 
poor growth before harvesting. 
puL-Serine (0-004m) had no effect on 
the conditions used 


Serine. 
yield of under 
(Table 1). 

Other amino acids. Glycine, Du-valine, L-leucine 
and t-glutamic acid (all 0-004m), added separately 
to washed mycelium with phenylacetate, caused 
significant decreases in yields of penicillin (Table 1). 
When valine was added together with cystine, the 
yield was significantly lower than with cystine 
alone (Expt. 11). 

Lactose and ammonium sulphate. When either 
lactose (0-004M) or ammonium sulphate (0-002™) 
was added separately to washed mycelium with 
phenylacetate, no significant effect could be 
detected. When both were added, the yield of 
penicillin was decreased (Expt. 12 in Table 1). The 


penicillin 
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solution remained constant at pH 7 in all flasks of 
this series, throughout the incubation period. 

It was thought possible that the added nutrients 
might have influenced the apparent yields of 
penicillin indirectly, by affecting the antibiotic 
assays. A comparison of the potency of a standard 
solution of penicillin (8 units/ml.), with similar 
solutions containing cystine (0-002m) or valine 


Table 1. 
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(0-004), failed to show any significant differences 
when subjected to an analysis of variance. 


Effect of nutrients on growth of mycelium 
Washed mycelium. incubated in the presence of 
the same nutrients as above, showed significant 
changes in dry weight after 2 hr. The results are 
shown in Table 2. Most of the added substances 


Effect of various substances on yields of penicillin 


Each flask (100 ml. vol.) contained 1 g. of wet washed mycelium and 9 ml. of 0-01M-phosphate buffer, pH 7, with 


potassium phenylacetate (0-1 g./l.). 


Other substances were 0-004M in concentration, with the exception of cystine and 


ammonium sulphate, which were 0-002M. Penicillin yields are corrected for differences in dry wt. of mycelium from the 
standard 12 mg./ml., and each yield reported is the mean from seven replicate flasks. 


Expt. 
no. Substances added 
1 None 
L-Cystine 
2 None 
L-Cystine 
3 None 
L-Cystine 
4 None 
pL-Serine 
5 None 
Glycine 
6 None 
DL- Valine 
7 None 
L-Leucine 
8 None 
L-Glutamic acid 
9 None 
Lactose 
10 None 
Ammonium sulphate 
11 L-Cystine 
L-Cystine + DL-valine 
12 None 
Lactose + ammonium sulphate 


Table 2. 


Penicillin 


(units/ml./2 hr.) (units/ml./2 hr.) 


Standard 
deviation tesult and 


significance 


yield 


25-2 43 Increase; 
31-3 4:3 P<0-05 
32-4 4-4 Increase; 
38-0 53 P~0-05 
62-1 5-6 Increase ; 
69-3 6-1 P<0-05 
37-0 4-2 No effect 
35:3 3-0 

38-8 4:3 Decrease; 
32-6 2-9 P<0-01 
35-3 3-7 Decrease; 
23-1 2-5 P<0-001 
36-8 5-4 Decrease; 
22-4 3-2 P <0-001 
24-9 2-9 Decrease; 
19-2 2:3 P<0-001 
38-6 3-6 No effect 
40-9 5-6 

35-1 3-7 No effect 
36-0 3-9 

37-6 4-1 Decrease; 
22:5 2-7 P <0-001 
20-0 2-1 Decrease; 
15:3 1-5 P <0-001 


Effect of nutrients on growth of washed mycelium 


Wet mycelium (about 5 g.) was accurately weighed, suspended in 45 ml. of 0-01 M-phosphate buffer, pH 7, containing 
potassium phenylacetate (0-1 g./l.) and nutrients under investigation, and shaken for 2 hr. Final dry weights were deter- 
mined after filtration and washing of the mycelium. Initial dry weights were determined on separate samples of mycelium 


dried without further treatment. 


Final dry wt. of mycelium 
b ee ‘ 
Initial dry wt. of mycelium 





Added nutrient Expt. A 
None 96-0, 95-9, 96-6 
L-Cystine (0-002 m) 93-0, 94-0, 94-2 
DL-Serine (0-004 m) - 
Glycine (0-004m) 

DL-Valine (0-004Mm) 

L-Leucine (0-004m) 
L-Glutamic acid (0-004m) 
Lactose (0-014) 

Ammonium sulphate (0-007 m) 
Lactose +ammonium sulphate 


97-0, 98-9, 97-5 


100-4, 99-3 





98-9, 99-3, 100-3 


100 





Change in 
~\ mean ratio 


Expt. C (%) 


Expt. B 
94-7, 95-3, 95-5 94-0, 93-3, 94-4 — 

_— anes —2-4 

96-0, 95-8 — +08 

96-4, 95-2 0-6 

- -— + 1-8 

96-7, 97-1, 94-5 + 2-4 

97-2, 95-3, 95-3 + 2-1 

~-- +4-0 

92-5, 90-7 - -—3°8 
100-1 — +3°6; +52 
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supported growth, as shown by increases in dry 
weight above that of the control. Cystine and 
ammonium sulphate did not support growth, the 
mycelium decreasing in weight with these nutrients. 


Presence of cystine in washed mycelium 


Paper chromatograms, prepared from oxidized 
extracts of washed mycelium, showed five well- 
defined spots. The most pronounced of these had 
the same R, value as cysteic acid. A fraction con- 
taining cysteic acid was also detected by column 
chromatography on Dowex-2 resin. Thus washed 
mycelium of P. chrysogenum contains free cystine 
(or cysteine). The quantity of cystine in the 
mycelium was not determined. 


DISCUSSION 


The changes occurring in growing cultures of P. 
studied by 
several groups of workers (e.g., Gailey, Stefaniak, 
Olson & Johnson, 1946). The present determina- 
tions of dry weight of mycelium and penicillin con- 


chrysogenum have been intensively 


centrations, as summarized in Fig. 1, show only 
that the culture was behaving normally under our 
conditions. Estimations of the penicillin-producing 
ability of washed mycelium, harvested at various 
stages of growth, provide new information in that 
the optimum time for harvesting the mycelium was 
that the 
presence or absence in the culture of the side-chain 


established. In addition, it was noted 
precursor, phenylacetate, had very little effect on 
the subsequent ability of the mycelium to convert 
phenylacetate into penicillin. It appeared that the 
mechanism necessary for this reaction was always 
present at a certain stage of mycelial growth, this 
mechanism probably being the same as that con- 
cerned in the of natural 
(aliphatic acids, etc.) into natural penicillins. The 


conversion precursors 
nature and proportions of the different penicillins 
produced under different not 
determined, although mycelium without phenyl- 


conditions were 
acetate probably produced no benzylpenicillin, and 
washed mycelium incubated with phenylacetate 
probably produced largely benzylpenicillin, as may 
be inferred from studies of complete fermentations 
(Singh & Johnson, 1948). Since benzylpenicillin 
was used as the assay standard, the absolute yields 
of penicillin reported are reliable only for solutions 
in which benzylpenicillin predominated. 

Attempts by several investigators to increase 
yields of penicillin from P. chrysogenum by the use 
of specific nutrients, especially amino acids, were 
initiated by the discovery that part of the stimula- 
tion of penicillin production by corn-steep liquor 
could be ascribed to its content of amino acids. 


Thus it was found that a mixture of histidine, 
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arginine and glutamic acid (White, Krampitz & 
Werkman, 1945), or proline and glutamic acid 
(Halpern, Siminovitch & McFarlane, 1945), stimu. 
lated formation of penicillin in synthetic media, 
Stone & Farrell (1946) obtained increased yields, 
from a medium containing added leucine or cystine 
but the results were inconsistent. In all of these 
experiments the added nutrients were available to 
the organism over a period of several days, and 
were presumably utilized for both growth and 
penicillin synthesis. Wolf (1949) tested P. chryso- 
genum Q-176 for its ability to use single amino acids 
as the sole sources of nitrogen for growth and 
He that 
amino acids, such as cystine, would not support 


production of penicillin. found some 
growth and for this reason did not give rise to 
penicillin, although cystine is now known to be a 
direct precursor of the antibiotic (Arnstein & 
Grant, 195456). 

The use of mature mycelium, grown under 
standardized conditions, then washed and exposed 
briefly to specific nutrients, promised to give less 
ambiguous results. Cystine was the first nutrient 
examined, both because it is a precursor of peni- 
cillin and because exogenous cystine is incorporated 
into penicillin by washed mycelium with only 
slight dilution by endogenous cystine (Halliday & 
Arnstein, 1956). It was expected, on this basis, 
that the supply of cystine might become a rate- 
limiting factor in synthesis of penicillin if other 
known requirements were met. In the presence of 
adequate oxygen and phenylacetate, cystine was 
shown to stimulate the rate of production of 
penicillin (‘Table 1). 

Washed mycelium has also been used by Demain 
(1956) to test the effect of amino acids on yields of 
penicillin. He found that L-cystine and t-valine 
stimulated synthesis of penicillin and reversed the 
inhibition caused by analogues or isomers of these 
amino acids. Long-term (44-48 hr.) experiments 
were conducted, in media containing both lactose 
and phenylacetate, and the results may therefore 
not be comparable with those reported here. 
Similarly, the yields of penicillin in complex 
nutrient media (Halliday & Arnstein, 1956) cannot 
be compared with the present findings. 

The substances tested for their effects on yields 
of penicillin (with the exception of lactose and 
ammonium sulphate when used separately) are 
potential sources of carbon, nitrogen and energy 
for the growth of the mould. Cystine increased the 
yield of antibiotic, presumably by acting as a direct 
precursor of penicillin. It was thought that the 
inhibitory effects of glycine, leucine, 
glutamic acid and lactose plus ammonium sulphate 
may have been caused by their ability to support 


valine, 


growth, and thus to upset the balance between 
mycelial development and degeneration which 
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leads to synthesis of penicillin (Davey & Johnson, 
1953). 
have allowed synthesis of protein to proceed, and 
to compete for the available cystine whose supply 
was already limiting the rate of synthesis of peni- 


More specifically, the fresh nutrient may 


cillin. 


Determinations of changes in dry weight of 


mycelium during incubation (Table 2) supported 
this hypothesis. The addition of cystine did not 
permit growth, the dry weight of the mycelium 
actually decreasing during the incubation period, 
as it did also with ammonium sulphate. Serine and 
glycine, metabolically to 
cystine, supported growth, although serine had no 


amino acids related 


effect on yields of penicillin. Possibly the con- 
version of serine into cystine, and thence into 
penicillin, balanced the tendency of the serine to 
deplete the cystine supply by promoting growth. 
Glycine, being less readily converted into cystine, 
inhibited synthesis of penicillin. Although valine is 
utilized for biosynthesis of penicillin (Arnstein & 
Grant, 1954a; Stevens, Vohra & DeLong, 1954), 
and thus might have been expected to increase the 
rate of production of penicillin under certain con- 
ditions, it showed a marked inhibitory effect, even 
when cystine was also supplied. This may be con- 
nected with the ready utilization of valine for 
growth. Neither lactose nor ammonium sulphate 
alone would be expected to promote synthesis of 
protein, and the increase in dry weight caused by 
lactose was probably an increase in stored carbo- 
hydrate or fat. 
together constituted excellent 
growth, and at the same time inhibited synthesis of 
penicillin markedly. 

Leucine and glutamic acid, substances previously 
claimed to increase yields of penicillin in complete 


Lactose and ammonium sulphate 


an substrate for 


fermentations (see above), decreased yields signifi- 
cantly under the present conditions and at the same 
time permitted mycelial growth. 

Free cystine is known to occur in cultures of P. 
chrysogenum grown in (Rao & 
Venkataraman, 1952), and cystine was detected in 
washed mycelium during the work reported here. 
Apparently the intracellular concentration of 
cystine is suboptimum for synthesis of penicillin, 
additional amounts being able to stimulate the rate 
of production. 


simple media 


SUMMARY 


1. Of several substances tested for their effect on 
the rate of synthesis of penicillin by washed 
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mycelium of Penicillium chrysogenum Wis. 51 

20F 3, only L-cystine was stimulatory. This amino 
acid did not support further growth of the my- 
celium. 

2. Glycine, pu-valine, L-leucine, L-glutamic acid 

and lactose plus ammonium sulphate inhibited 
synthesis of penicillin. These substances supported 
further growth of the mycelium. 
3. It is suggested that substances which promote 
synthesis of protein in the mycelium do so at the 
expense of synthesis of penicillin, the two pro- 
cesses competing for the available cystine. 

4. Free ethanolic 
extracts of washed mycelium. 


cystine was detected in 

5. The ability of washed mycelium to produce 
penicillin from phenylacetate was maximal 60-— 
62 hr. after inoculation, and did not depend on 
previous exposure to phenylacetate. 


We wish to thank Dr H. R. V. Arnstein for much helpful 
discussion and advice, Dr M. J. Johnson for providing the 
culture of P. chrysogenum, and Dr H. O. Lancaster for 
checking the statistical calculations. 
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The Mechanism of the Formation of Tyrosol 
by Saccharomyces cerevisiae 


By 8S. SENTHESHANMUGANATHAN awnp &. 


R. ELSDEN 


A.R.C. Unit of Microbiology, Department of Microbiology, The University, Sheffield 10 


(Received 11 November 1957) 


The mixture of higher alcohols which are known 
collectively as fusel oils, and which contribute to 
the flavour of many alcoholic drinks, have long 
been recognized as minor end-products of the 
metabolism of yeasts. The mechanism of the forma- 
tion of these compounds is not, however, clear. The 
early work on this subject has been reviewed by 
Harden (1932) and what follows is a brief summary 
of the principal findings. 

Felix Ehrlich, in a series of papers (Ehrlich, 
1906, 1907a, 1911, 1912) showed conclusively that 
fusel oils were formed from amino acids without, 
apparently, the production of free ammonia. This 
work was complemented by that of Neubauer & 
Fromherz (1911), who studied in detail the con- 
version of phenylglycine into benzyl alcohol. They 
found that phenylglyoxylic acid and benzaldehyde 
the of these 
observations, they proposed the following reactions 


were intermediates and, on basis 


to account for the formation of fusel oil: 


R-CH(NH,)CO,H > R-CO-CO,H (1) 
R-CO-CO,H > R-CHO+CO, (2) 
R-CHO + 2(H) > R-CH,-OH (3) 


They also obtained evidence which suggested that 
the 2-hydroxy acid corresponding to the parent 
amino acid was not an intermediate, thus making it 
unlikely that the deamination was effected by 
hydrolysis. 

Carboxylase, discovered by Neuberg & Hilders- 
heimer (1911), was thought to account for reaction 
(2), and subsequent work has shown that many 
2-oxo acids are decarboxylated by this enzyme. 
Harden, 1932) 
showing that a large number of aldehydes are 
reduced to the corresponding alcohols by fer- 
menting yeast cells (reaction 3). 

Apart from the absence of ammonia, two other 


There are many reports (see 
: I 


observations, which have been repeatedly con- 
firmed, were made by the early workers. First, 
formation of fusel oil occurs only in the presence of 
glucose and, secondly, cell-free preparations of 
yeast (Ehrlich, 19076; Pringsheim, 1906; Biichner 
& Meisenheimer, 1906), whilst able to ferment 
glucose, did not convert amino the 
corresponding fusel oils even in the presence of 


acids into 


glucose. 


The major problems connected with formation of 
fusel oil thus appear to be: (a) the mechanism by 
which amino acids are deaminated anaerobically; 
(b) the fate of the amino groups; (c) the part played 
by glucose in the process. 

Until now a major hindrance to the study of 
formation of fusel oil has been the lack of specific 
micro methods for the estimation of small amounts 
of higher alcohols in the presence of large amounts 
of ethanol. It occurred to us that 2-[p-hydroxy- 
phenyljethanol (tyrosol), which Ehrlich (1911) 
showed to be produced from L-tyrosine, might be 
estimated by the phenol method of Folin & 
Ciocalteu (1927) and that, if so, it would be possible 
to study the conversion of L-tyrosine into tyrosol. 
Preliminary experiments showed that tyrosol 
could be estimated by the above method and 
further, that it could be separated quantitatively 
from L-tyrosine. We were therefore in a position to 
study the mechanism of the formation of tyrosol 
and, in particular, the nature of the deamination 
reaction. Our results, a preliminary report of which 
has already been published (SentheShanmugana- 
than, 1956), suggest that the first step is a trans- 
amination between L-tyrosine and 2-oxoglutarate, 
giving p-hydroxyphenylacetaldehyde and t-glu- 
tamic acid. The former product is then decarboxy]l- 
ated by yeast carboxylase and the resulting alde- 
hyde reduced to tyrosol (ef. Neubauer & Fromherz, 
1911). 


MATERIALS AND METHODS 


Materials 


Organism. The organism used throughout this work was 
Saccharomyces cerevisiae (baker’s yeast strain 5 of the 
Departmental collection). Cultures were grown on the 


following medium (all quantities/100 ml.): glucose, 2 g.; 


KH,PO,, 0-4 g.; MgSO,,7H,0, 0-1 g.; (NH,).SO,, 0-2; 
CaCl,, 0-05 g.; H,BO,, 10mg.; ammonium molybdate, 
4mg.; MnS0O,,4H,O, 4mg.; ZnSO,,7H,O, 4mg.; 


CaSO,,5H,0, 4:5 mg.; FeSO,,7H,O, 25 mg.; 400 yg. each 
of calcium (+)-pantothenate, nicotinic acid, pyridoxine 
hydrochloride, thiamine hydrochloride; 200 yg. each of 
folic acid, riboflavin, p-aminobenzoic acid; 2 ug. of biotin; 
0-2 ml. of Tween 80. The Tween 80 was found essential for 
diffuse growth. The pH was adjusted to pH 6 and the 
medium sterilized by autoclaving at 15 lb./in.* for 10 min. 
Glucose was sterilized separately, either by autoclaving or 
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by filtration. Cultures were grown in conical flasks of a 
capacity two to three times the volume of the medium used. 
The inoculum was 5 ml. of a 24hr. culture grown in the 
above medium. The culture was incubated at 25° for 36- 
42hr. Stock cultures were maintained on slopes of the 
above medium, solidified with 2% (w/v) of agar but con- 
taining no Tween 80. 

At the end of the growth period, the cells were harvested 
by centrifuging, washed twice with water and suspended in 
0-067 M-phosphate buffer, pH 6, to a density of 70 mg. dry 
wt./ml. The phosphate buffers used in this work were 
mixtures of Na,HPO, and KH,PO,. Dry weight was 
determined turbidimetrically with the Hilger Spekker 
absorptiometer (lem. cell) with a neutral grey filter 
Ilford no. H508, and by reference to a standard graph 
relating optical density to dry weight. 

Cell-free preparations. These were prepared with the 
Hughes press (Hughes, 1951). The paste of washed cells 
was packed into a cooled ( — 20°) press and crushed without 
abrasive. The resulting mass was extracted with 0-1m- 
phosphate buffer, pH 6-2, 1 ml. of buffer being used for 
each 70 mg. dry wt. of cells. The extract was then centri- 
fuged for 15 min. at 19 600 g in the high-speed head of an 
International refrigerated centrifuge, and the supernatant 
stored at — 20° until required. 

Extract of boiled yeast (EBY). This was prepared by 
boiling a mixture of equal parts of baker’s yeast and water 
for 30 min. and clarifying by centrifuging. The preparation 
was stored at — 20°. 

L-Tyrosine. That obtained from L. Light and Co., 
Colnbrook, Bucks, was used throughout this work. The 
purity of the compound was checked both by paper- 
partition chromatography and by enzymic assay with 
tyrosine decarboxylase (Gale, 1945). For most experiments 
a mm-solution, adjusted to pH 6-2 with dil. NaOH, was 
used. Where larger amounts were required a fine suspen- 
sion containing 16 wmoles/ml. was prepared by dissolving 
the L-tyrosine in aq. 1% (w/v) Na,CO, and adjusting to 
pH 6-2 with dil. acetic acid. 

p-Hydroxyphenylpyruvic acid. 'The azlactone was first 
prepared from hippuric acid and p-hydroxybenzaldehyde, 
as described by Erlenmeyer & Halsey (1899); this was then 
hydrolysed to p-hydroxyphenylpyruvic acid by the method 
of Mauthner (1909) as modified by Haworth (private com- 
munication). The hydrolysate was saturated with SO,, 
cooled to 2° and the precipitated benzoic acid filtered off. 
The filtrate, which contained the p-hydroxyphenylpyruvic 
acid, was acidified and boiled to expel the SO,. The keto 
acid precipitated on standing and after filtering off was re- 
crystallized from water. A second sample was obtained 
from L. Light and Co. 

p-Hydroxyphenylacetaldehyde. The free aldehyde could 
not be prepared by chemical means (cf. Langheld, 1909). It 
was found that cell-free extracts of S. cerevisiae prepared 
as described above would decarboxylate p-hydroxyphenyl- 
pyruvic acid, and this procedure was used to prepare small 
amounts of the aldehyde. To 5 ml. of the cell-free extract 
was added 10 ml. of a 0-01 M-solution of the sodium salt of 
the keto acid and the mixture incubated at 25° for 120 min. 
Proteins were precipitated by the addition of 5 ml. of 
10% (w/v) trichloroacetic acid and the mixture was centri- 
fuged. The supernatant was made alkaline (pH 10-5) with 
10% Na,CO, and extracted for lhr. with ether in a 
Kutscher-Steudel liquid-liquid extracter. The ether was 
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distilled off and the residue dissolved in 10 ml. of water. 
Determination of the phenol and the bisulphite binding 
material (for methods see below) indicated that 85-90 % of 
the ether-extractable phenol (EEP) was in the form of the 
aldehyde. 

2-[p-Hydroxyphenyl ethanol (tyrosol). This was prepared 
by the biological method described by Ehrlich (1911), in 
which baker’s yeast, sucrose and tyrosine are incubated 
together. Needle-shaped white crystals, m.p. 89-90°, were 
obtained. 

Other 2-ox0 acids. 2-Oxoglutarie acid was prepared by 
the method of Clutterbuck (1927). Crystalline sodium 
pyruvate was prepared as described by Robertson (1942) 
and oxaloacetic acid was the gift of Professor H. A. Krebs, 
F.R.S. Solutions of sodium oxaloacetate were prepared as 
described by Elsden & Ormerod (1956). 

Fructose 1:6-diphosphate. The barium salt was prepared 
by the method of Robison & Morgan (1930) and this was 
converted into the sodium salt by solution in dil. HCl and 
removal of Ba*+ ions by addition of a saturated solution of 
sodium sulphate. After centrifuging, the solution was 
adjusted to pH 6-2. Paper-partition chromatography 
(Eggleston & Hems, 1952) showed the presence of traces of 
hexose monophosphates. 

Adenosine triphosphate. This was obtained as the barium 
salt from Schwarz Laboratories Inc., New York, N.Y., U.S.A. 

Diphosphopyridine nucleotide. This was obtained from 
Sigma Chemical Co., St Louis, Mo., U.S.A. 

Pyridoxal phosphate. This was given to us by Dr Morrison 
of Roche Products Ltd., Welwyn Garden City, Herts. 


Methods 


Experimental procedure. When gaseous exchanges had to 
be measured the reactions were carried out in Warburg 
manometers, otherwise Thunberg tubes or test tubes were 
used. Experiments with washed-cell suspensions were 
performed under an atmosphere of O,-free N,. The tem- 
perature was in all cases 25°. Reactions were started by the 
addition of either the cell suspension or the extract to the 
substrate—buffer mixture. At the end of the experiment 
0-5 ml. of 10% (w/v) trichloroacetic acid was added to stop 
the reaction, to precipitate proteins and, in manometric 
experiments, to liberate the CO, bound by the buffer. In 
those experiments where the metabolism of tyramine was 
being studied 8N-HCl (0-5 ml.) was used in place of tri- 
chloroacetic acid and the mixture heated at 100° for 5 min. 
before centrifuging. 

Tyrosine. The decarboxylase method of Gale (1945) was 
used for the estimation of this compound. 

p-Hydroxyphenylpyruvic acid. This was estimated colori- 
metrically as the 2:4-dinitrophenylhydrazone, under con- 
ditions described by Goodwin & Williams (1952) for the 
estimation of pyruvic acid. The colour was measured with 
the EEL photoelectric colorimeter (Evans Electroselenium 
Ltd., Harlow, Essex) and the blue filter provided. Whereas 
there was a linear relationship between the optical density 
and the amount of keto acid, the slope of the curve varied 
from determination to determination and, in consequence, 
a set of standards was always analysed with the unknowns. 

Estimation of p-hydroxyphenylacetaldehyde, tyrosol and 
tyramine. These compounds give a blue colour with the 
phenol reagent of Folin & Ciocalteu (1927) under the con- 
ditions prescribed by these authors for the estimation of 
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phenol. The reagent, which was obtained from British 
Poole, Dorset, was diluted 1:4 with 
water before use. The blue colour was measured with an 


Drug Houses Ltd., 


EEL photoelectric colorimeter and the red filter provided 
with the instrument. With tyrosol there was a linear 


relation between the optical density and the amount of 


tyrosol present up to a level of 0-5 mole of tyrosol in a 
total volume of 10 ml. Equimolecular amounts of tyrosol 
and tyramine gave the same optical density. Owing to our 
inability to prepare pure p-hydroxyphenylacetaldehyde, we 
were unable to compare this compound with tyrosol and 
we have assumed that it produces the same amount of 
colour/mole as tyrosol. 

Since both tyrosine and p-hydroxyphenylpyruvic acid 
give a blue colour with the reagent, these compounds had to 
be removed before tyrosol, p-hydroxyphenylacetaldehyde 
or tyramine could be estimated. This was done by ether 
extraction. The protein-free solution was transferred to a 
Kutscher-Steudel extractor, made alkaline with an equal 
10% (w/v) Na,CO, (final pH 10-5) and the 
mixture was saturated with NaCl. The alkaline solution 
was then extracted with freshly distilled ether for 30 min. 
The extraction apparatus and the conditions of operation 
were similar to those described by Krebs, Smyth & Evans 
(1940) for the extraction of succinic acid. Neither tyrosine 
nor p-hydroxyphenylpyruvic acid was extracted under 
these conditions. At the end of the extraction period the 
ether was distilled off, the residue dissolved in a measured 
volume of water and samples of the extract were analysed 
for phenols. It was found that tyrosol was completely 
extracted in 15 min., and a 30 min. period was chosen to 


volume of 


provide a margin of safety. We were unable to measure 
precisely the extraction rate of p-hydroxyphenylacetalde- 
hyde but semiquantitative experiments suggest that a 
30 min. extraction period was adequate. Saturation with 
NaCl prevented foaming in the extractor and the con- 
sequent entrainment of tyrosine. 

Since all non-acidic phenols are extracted we have used 
the term ether-extractable phenol (EEP) to designate the 
total amount of phenol, calculated as tyrosol, present in the 
extract. The term EEP is used when there is reason to 
believe that more than one phenol was present. Where 
both p-hydroxyphenylacetaldehyde 
present and an estimate of each was required we proceeded 


tyrosol and were 
as follows. The EEP in a sample of the extract was esti- 
mated as described above and a second sample was cooled 
to 2° in an ice bath and 1 ml. of 0-5% NaHSO, was added. 
The mixture was kept at 2° for 1 hr. to allow the formation 
of the bisulphite compound, the amount of which was then 
determined iodometrically in the usual way after treatment 
with solid NaHCO,. On the assumption that the two 
phenols give the same amount of colour with the phenol 
reagent, the amount of tyrosol in the mixture can be calcu- 
lated. When tyramine was the substrate the solution, after 
deproteinizing with HCl, was extracted with ether without 
further treatment; the tyramine remained behind in the 
aqueous phase; this was then made alkaline with 10% 
Na,CO, soln. and the tyramine extracted with ether. 
Chromatography of phenolic compounds and amino acids. 
Tyrosol was readily separated from tyrosine by paper- 
partition chromatography with n-butanol-acetic acid 
water (4:1:5, by vol.; upper phase) as solvent. After 
ascending development for 16 hr. the papers were dried at 
room temperature and sprayed first with 10% (w/v) 
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Na,CO, and then with diazotized sulphanilic acid (Wickre. 
masinghe & Fry, 1954). Tyrosol (Ry 0-93) and tyrosine 
(R, 0-40) showed up as red spots on a yellow background, 
Amino acids on the paper were revealed by spraying with 
ninhydrin (Woiwod, 1949). .-Glutamic acid esti- 
mated by the decarboxylase method of Gale (1945). 
2-Oxoglutarate was estimated by the method of Krebs 
(1950). , 

Spectrophotometry. The reduction of p-hydroxyphenyl- 


was 


acetaldehyde by extracts in the presence of reduced di- 
phosphopyridine nucleotide was studied under conditions 
similar to those described by Racker (1950), the Unicam 
SP. 500 spectrophotometer being used to follow the change 
in optical density at 340 mp. The reduced diphospho- 
pyridine nucleotide was prepared by treating diphospho- 
pyridine nucleotide (DPN) with sodium dithionite and 
removing residual dithionite by aeration for 10 min. 

Glucose. Glucose was estimated by the colorimetric 
method of Nelson (1944) after removal of proteins with 
trichloroacetic acid as described above. 


RESULTS 


Formation of tyrosol by growing cultures of 
Saccharomyces cerevisiae 


We first investigated the production of tyrosol by 
growing cultures of S. cerevisiae. Culture medium 
(192 ml.) containing 220 umoles of L-tyrosine was 
placed in a 250 ml. conical flask and sterilized at 
10 lb./in.2 for 15 min. To this was added 8 ml. of 
a 50% (w/v) solution of glucose sterilized by 
filtration. The medium was inoculated with 6 drops 
of a 24 hr. culture and incubated at 25°. Samples 
(10 ml.) 6 hr. the 
turbidity, glucose and tyrosol contents estimated. 
It will be seen 


were withdrawn every and 
The results are shown in Fig. 1. 
that tyrosol formation was coincident with growth 
and that the amount of tyrosol formed was equiva- 
lent to the tyrosine added to the medium. It is 
important to emphasize at this point that tyrosol 
formed by whole cells; 


was the only product 
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Fig. 1. Growth of S. cerevisiae, glucose utilization and 


formation of tyrosol. Medium is described in the text. 
Temp. 25°. @, Growth of S. cerevisiae; A, glucose used; 
O, tyrosol formed. 


nei 


hy 
Fig 
cor 


of ¢ 
pha 





1958 
ickre- 


‘osine 
yund, 
with 
esti- 
945). 
Crebs 


eny! 
d di- 
itions 
licam 
lange 
spho- 
spho- 

and 


1etric 
with 


)] by 
lium 
was 
d at 
l. of 
| by 
rops 
:ples 
the 
ited. 
seen 
»wth 
liva- 
It is 
rosol 


ells; 


~ a a 
Tyrosol formed (zmoles/100 ml.) 


V—<— SS 


and 
text. 
used; 


Vol. 69 


neither p-hydroxyphenylpyruvic acid nor _ p- 
hydroxyphenylacetaldehyde was ever detected. 
Fig. 2 shows the effect of varying the glucose 


content of the medium on both the yield of cells 
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Fig. 2. Effect of glucose content of medium on formation 
of tyrosol and yield of cells. Medium is described in the 
text; tyrosine added (110-4 uzmoles/100 ml.). Temp. 25°. 
Growth and formation of tyrosol were measured after 
incubation for 48 hr. O, Cell yield; @, tyrosol formed. 


Table 1. 
suspensions of Saccharomyces cerevisiae 


Formation of tyrosol by washed-cell 


The complete system contained: 2 ml. of cell suspension 
in 0-066 M-phosphate buffer, pH 6; 1100 umoles of glucose, 
55pmoles of L-tyrosine, 2ml. of 0-066M-phosphate 
buffer, pH 6, and water to a total volume of 10 ml. 
Temp. 25°; gas phase N,. Incubation time 60 min. 


Tyrosol formed 


System (umoles) 
Complete 3:8 
Tyrosine omitted 1-1 
Glucose omitted 0-5 
Tyrosine and glucose omitted 0-3 


Table 2. Effect of sodium azide and 2:4-dinitrophenol 
on formation of tyrosol by suspensions of washed 
cells 


Experiments were carried out in Warburg manometers. 
The main compartment contained: L-tyrosine, 1 umole; 
glucose, 550pmoles; 1 ml. of 0-066M-phosphate buffer, 
pH 6; inhibitors (when added) and water to 4 ml. Side 
bulb contained 1 ml. of washed suspension (70 mg. dry wt. 
of cells) in 0-066M-phosphate buffer, pH 6. Temp. 25° ; gas 
phase N,. Incubation time 60 min. 


Tyrosol formed Inhibition 
Additions (umole) (%) 
None 0-51 — 
NaN, (2 mm) 0-07 86 
DNP (0-1 mm) 0 100 
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and the amount of tyrosol formed; both measure- 
ments were made after incubating for 48 hr., by 
which time growth had ceased. 


Formation of tyrosol by suspension of washed cells 


anaerobic conditions 


cells 


Effect of glucose. Under 


suspensions of washed rapidly fermented 
glucose and small amounts of tyrosol were formed. 
Addition of tyrosine plus glucose to the suspension 
increased the yield of tyrosol 3-5-fold, and in 
60 min. some 50% of the tyrosine added was con- 
verted into the alcohol (Table 1). 


omitted, the yield of tyrosol from tyrosine was 


If glucose was 


13 % of that when glucose was present. 

There is evidence (Taylor, 1947) that the trans- 
port of amino acids across the yeast-cell wall is an 
energy-requiring process. It seemed possible that 
the requirement for glucose in the conversion of 
tyrosine into tyrosol was, in part, connected with 
this process of active transport, the fermentation of 
glucose supplying the energy 
sodium azide and 2:4-dinitrophenol (DNP) are 


needed. 30th 
known to inhibit active transport and, in conse- 
quence, the effect of these two compounds on the 
formation of tyrosol was studied. Table 2 shows 
that DNP at a concentration of 0-1 mm completely 
inhibited formation of tyrosol and 
gave 86% inhibition. Whereas these observations 


2 mM-azide 


are in keeping with the above explanation, the 
possibility is not excluded that these compounds 
have a more direct effect on the process. 

Effect of 2-oxo acids and u-glutamate. Transamina- 
tion is a possible mechanism for the anaerobic 
deamination of amino acids and, because of this, 
we tried the effect of pyruvate, oxaloacetate and 
2-oxoglutarate on the yield of tyrosol; L-glutamic 
acid, as an alternative source of 2-oxoglutarate, 
was also tested. The results of these experiments 
were difficult to interpret for, at best, the effects 
were small. It was obvious that, if further progress 
was to be made, the reaction had to be studied in 
cell-free systems where the amounts of the re- 
actants and the conditions of the reaction could be 
more rigorously controlled. 


Experiments with cell-free extracts 


When tyrosine plus 2-oxoglutarate was added to 
cell-free extracts prepared with the Hughes press, 
EEP was produced over and above that formed 
from tyrosine alone. Neither pyruvate nor oxalo- 
acetate replaced 2-oxoglutarate. Table 3 shows the 
effect of varying the concentration of 2-oxo- 
glutarate on the amount of EEP formed from 
1 pmole of L-tyrosine. In subsequent experiments, 
a ratio of 2-oxoglutarate to L-tyrosine of 10:1 was 
used in the reaction mixture. Supplementing with 
pyridoxal phosphate further increased the amount 
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Table 3. Effect of 2-oxoglutarate on the formation of of EEP formed. Fig. 3 shows the effect of pyri- 


, rs sphate ‘ormati - REP j , 
ether-extractable phenol by cell-free extracts of doxal phosphate on formation of EEP in the 
presence of a fixed amount of 2-oxoglutarate. It 
will be noted that, even at 20 uM, the system was 
Experiments were carried out in Warburg manometers. pot saturated. The optimum pH for formation of 
Main compartment contained : L-tyrosine (1 zmole) ; EEP was pH 6-2 (Fig. 4). 
pyridoxal phosphate, 10-?zmole; 2-oxoglutarate as indi- 
cated and water to 2-1 ml. All additions were adjusted to 
pH 6-2. Side bulb contained 1 ml. of extract in 0-1M- 


phosphate buffer, pH 6-2. Temp. 25°; gas phase air. 


Saccharomyces cerevisiae 


Products of the reaction. The stimulation of 
formation of EEP by 2-oxoglutarate and pyridoxal 
phosphate supports the view that transamination 
is involved in the conversion of tyrosine into EEP. 
If this is the case, then it is to be expected that 


Incubation time 60 min. 


2.Oxoglutarate “EP forme : ‘ : 
noglutarate EEP formed glutamate will be formed in an amount equivalent 
added (as pmole ah ee , 
(umoles) of tyrosol) to the EEP produced. The phenol produced is 
0 0-05 extracted by ether from an alkaline solution and 
2 0-17 hence it is not acidic; it could be either tyrosol 
4 0-25 itself or p-hydroxyphenylacetaldehyde. An experi- 
; 4 ment was carried out in which the amount of 
10 0-45 tyrosine disappearing and the amounts of the 
12:5 0-34 products (glutamate, EEP and CO,) were measured. 
25 0-34 In addition, the amount of bisulphite binding 
material (assumed to be p-hydroxyphenylacetalde- 
05 0:35 
2 
° 
0-4 £ 0:30 
2 = 
E 3 
= 03 £ 025 
S 2 
° e = 
x oO a: 
>0-2 2 0:20 
” _ 
| >~ 
2 
S 0415 
“0-1 a 
lw 
lu 
0-10 73 
10€ 10° 104 103 102 101 = 2 Fe. oe 
: Pp 
Pyridoxal phosphate added (# mole) es . 5 me 
Fig. 4. Effect of pH on formation of EEP by cell-free 
Fig. 3. Effect of pyridoxal phosphate on formation of EEP extracts. Experiments were carried out in test tubes. 
by cell-free extracts. Experiments were carried out in Reaction mixture contained: 1-9 ml. of 0-1 m-phosphate 
Warburg manometers. Main compartments contained: buffer; tyrosine (lpmole); 2-oxoglutarate (10 moles); 
1-9 ml. of 0-1 m-phosphate buffer, pH 6-2; 2-oxoglutarate pyridoxal phosphate (10-2mole) and water to 4 ml. 
(10 pmoles); tyrosine (1 ymole); pyridoxal phosphate as Reaction was started by addition of 1 ml. of cell-free 
given and water to 4ml. Side bulbs contained 1 ml. of extract. Temp. 25°; time 60 min. The pH of the system 
cell-free extract. Temp. 25°; time 60 min. Gas phase air. was measured at the end of the experiment. 


Table 4. Balance sheet of the reaction 


Experiments were carried out in Warburg manometers with double side-bulb cups. The main compartment contained: 
L-tyrosine, 16moles; 2-oxoglutarate, 160 umoles; pyridoxal phosphate 2 x 10-®ymole; all additions were adjusted to 
pH 6-2; water to 2-7 ml. First side bulb contained 1 ml. of cell-free extract in 0-1 m-phosphate buffer, pH 6-2; second side 
bulb contained 0-5 ml. of 10% (w/v) trichloroacetic acid. Temp. 25°; gas phase air. Reaction was stopped after 90 min. by 
addition of trichloroacetic acid. 


KEP 
Glutamate CO, (as pmoles Aldehyde Tyrosine 
System (umoles) (umoles) of tyrosol) (umoles) (umoles) 
(1) Complete + 12-2 + 16-5 + 9-0 +9-3 -8-0 
(2) Tyrosine omitted + 3-8 + 9-4 + 1-2 + 22 0 
(1) — (2) + 8-4 + 7+] + 7-8 + T+] —8-0 


} 
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hyde) in the EEP fraction was estimated. The 
results are given in Table 4. It will be seen that 
both glutamate and CO, were formed and that 
most of the EEP was present as bisulphite binding 
material. If the appropriate control values are 
deducted, there is a stoicheiometric relationship 
between the tyrosine used and the products 
formed. ‘The CO, produced in the absence of tyro- 
sine is probably derived from the 2-oxoglutarate, 
which is slowly decarboxylated by yeast carboxyl- 
ase. The amount of 2-oxoglutarate which takes 
part in the transaminase reaction is small com- 
pared with the total added, and for this reason it 
could not be determined accurately. 

Isolation of the 2:4-dinitrophenylhydrazone of p- 
hydroxyphenylacetaldehyde. To 100 ml. of a cell-free 
extract of S. cerevisiae in 0-1M-phosphate buffer 
(pH 6-2) and containing 0-2 umole of pyridoxal 
100 ml. of the substrate 
mixture, containing 1m-mole of L-tyrosine and 
10m-moles of 2-oxoglutarate (the substrate 
mixture was adjusted to pH 6-2 with dil. NaOH). 
A sample (3 ml.) of the substrate mixture was 
transferred 


phosphate was added 


to a Warburg manometer and the 
evolution of the CO, followed manometrically at 
25°; the remainder of the mixture was incubated at 
the same temperature. Evolution of gas ceased 
after 8hr. and, after acidifying to pH 1 with 
N-HCl, the mixture was heated for 30 min. on a 
boiling-water bath to precipitate the proteins, 
cooled and centrifuged. The supernatant was 
adjusted to pH 10-5 with saturated aq. Na,CO, and 
extracted for 3 hr. with freshly distilled ether in 
a liquid-liquid extractor. The ether extract so 
obtained was dried over anhydrous Na,SO, and the 
ether distilled off, leaving a reddish syrup. This was 
stirred up with 15 ml. of a saturated solution of 
2:4-dinitrophenylhydrazine in N-HCl and _ left 
overnight at 0°. The reddish precipitate was filtered 
off, washed with N-HCl, water, saturated Na,CO,, 
water, N-HCl and water, in that order, and dried 
in vacuo over CaCl,. The crude product (m.p. 158°) 
was recrystallized from aq. ethanol and, after four 
recrystallizations, brown needle-shaped crystals 
with a constant m.p. (179-180°) were obtained 
(Found: C, 53-35; H, 3-53; N, 17-5. Cale. for 
C,,H,,0;N,: C, 53-2; H, 3-79; N, 17-70). 

Effect of sodium azide and 2:4-dinitrophenol. The 
experiments recorded in that 
formation of tyrosol by whole cells was inhibited 
by both NaN, and DNP. In contrast with whole 
cells, neither NaN, nor DNP inhibited the reaction 
catalysed by extracts. It would thus appear that 
the enzymes concerned with the conversion of 
tyrosine into EEP are not affected by these 
inhibitors. It should be noted that, in the experi- 
ments with whole cells, no EEP was formed in the 
presence of either NaN, or DNP, and hence these 


Table 2 showed 
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compounds do not act by inhibiting the reduction 
of p-hydroxyphenylacetaldehyde to tyrosol for, if 
they did, the aldehyde would 
accumulate. 


be expected to 


Tyramine as a possible intermediate. The experi- 
ments so far described suggest that two reactions, 
a transamination and a decarboxylation, are in- 
volved in the conversion of tyrosine into p- 
hydroxyphenylacetaldehyde, but they do not 
indicate the order in which these reactions occur. 
If the first step is decarboxylation, then tyramine 
would be the first intermediate and it would then 
be necessary to postulate a transamination between 
the amine and 2-oxoglutarate in order to account 
for the formation of p-hydroxyphenylacetaldehyde 
and glutamate. On the other hand, if a transamin- 
ation is the first reaction then p-hydroxyphenyl- 
pyruvate will be the first intermediate, and this 
will be decarboxylated, giving p-hydroxyphenyl- 
acetaldehyde. 

When tyramine was added either to growing 
cultures of S. cerevisiae or to washed suspensions in 
the presence of glucose, insignificant amounts of 
tyrosol were formed and the base was quanti- 
tatively recovered from the medium at the end of 
the experiment. Likewise, when tyramine was 
added to cell-free extracts of S. cerevisiae rein- 
forced with 2-oxoglutarate and pyridoxal phos- 
phate, negligible amounts of EEP were produced 
(Table 5). These experiments eliminate tyramine 
as an intermediate. 

p-Hydroxyphenylpyruvic acid as an intermediate. 
Cell-free extracts of our strain of S. cerevisiae 
slowly decarboxylate p-hydroxyphenylpyruvate 
(Fig. 5). The EEP formed was mainly accounted for 
as p-hydroxyphenylacetaldehyde. It is of interest 
that Green, Herbert & Subrahmanyan (1941) 
reported that their purified preparation of yeast 
carboxylase did not attack p-hydroxyphenyl- 
pyruvate. Washed cells, in the presence of glucose, 
converted p-hydroxyphenylpyruvate into tyrosol 
(see Table 6). 

Reduction of p-hydroxyphenylacetaldehyde. This 
compound is reduced to tyrosol by washed-cell 
suspensions of S. cerevisiae in the presence of 
glucose (Table 6). It was next found that cell-free 
extracts oxidize reduced diphosphopyridine nucleo- 
tide (DPNH) on addition of p-hydroxyphenyl- 
acetaldehyde, the reaction being followed spectro- 
photometrically at 340 mp. Finally, the reduction 
of the aldehyde was coupled to the glycolytic 
system. Cell-free extracts rapidly reduce DPN on 
addition of hexose diphosphate. If, when the 
DPN was fully reduced, p-hydroxyphenylacetalde- 
hyde was added, the DPNH was oxidized. The 
results of such an experiment are shown in Fig. 6. 
A quantitative reduction of the aldehyde was 


never observed, but whether this was due to 
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destruction of the aldehyde, which is known to be 
unstable, is not clear. The reverse reaction, the 
oxidation of tyrosol by extracts in the presence of 
DPN, was also demonstrated. 


DISCUSSION 


We stated in the introduction that the three main 
problems associated with formation of fusel oil by 
S. cerevisiae are: the mechanism by which amino 
acids are deaminated anaerobically, the fate of the 
amino group and the part played by glucose. The 
experiments we have described are concerned 
solely with the conversion of 
tyrosol, and we believe that we can provide a 


L-tyrosine into 
complete description of the mechanism in bio- 
chemical terms. 


Table 5. Tests of tyramine as an intermediate 


in formation of tyrosol 


Expt. 1. Reactions were carried out in Warburg mano- 
meters. Total volume in each cup was made up to 5 ml. 
Side bulbs contained in all Il ml. of washed-cell 
suspension (70mg. dry wt. of cells in 0-1m-phosphate 
buffer, pH 6-2). Main compartment always contained 
0-5 ml. of 0-1m-phosphate buffer, pH 6-2, plus, where 
(10umoles), tyramine (10 moles), 
glucose (550 moles) and water to 4ml. Gas phase N,; 
temp. 25°. Time 60 min. 

Expt. 2. Reactions were carried out in Warburg mano- 
meters. Total volume in each cup was 3-7 ml. Side bulbs 
contained 1 ml. of cell-free extract in 0-1M-phosphate 
buffer, pH 6-2. Main compartment always contained 
0-5 ml. of 0-1m-phosphate buffer, pH 6-2, and 10-2 umole 
of pyridoxal phosphate plus, where necessary: tyrosine 
(10 zmoles); tyramine (10 moles); 2-oxoglutarate (100 p- 
moles) and water to 2-7ml. Gas phase air; temp. 25°. 
Time 60 min. 


cases 


necessary: tyrosine 


EEP Tyramine 
(asumoles remaining 
of tyrosol) (»moles) 
Expt. 1 
(a) Cells 0-14 -— 
Cells + glucose 0-28 -- 
Cells + tyrosine 0-21 — 
Cells + tyrosine + glucose 1-40 — 
(b) Cells 0-14 0-26 
Cells + glucose 0-21 0-52 
Cells + tyramine 0-21 9-80 
Cells + tyramine + glucose 0-42 9-80 
Expt. 2 
(a) Extract 0-26 
Extract + 2-oxoglutarate 0-52 — 
Extract + tyrosine 0-39 — 
Extract + tyrosine + 4-16 
2-oxoglutarate 
(6) Extract 0-52 0-26 
Extract + 2-oxoglutarate 0-78 0-52 
Extract + tyramine 0-52 9-90 
Extract + tyramine + 0-91 9-90 


2-oxoglutarate 
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0 10 20 30 40 50 60 70 80 90 
Time (min.) 


Fig. 5. Decarboxylation of pyruvate (OQ) and p-hydroxy- 
phenylpyruvate (@). Experiments were carried out in 
Warburg manometers with double side-bulb cups. Main 
compartment contained 8 pmoles of substrate and water 
to 2-5 ml. In the first side bulb was 1 ml. of cell-free 
extract in 0-1M-phosphate buffer, pH 6-2; the second 
side bulb contained 0-5 ml. of 10% (w/v) trichloroacetic 
acid. When gas formation ceased the acid was added from 
the side bulb to liberate bound CO,. 


Table 6. 
by washed suspension of Saccharomyces cerevisiae 


Conversion of intermediates into tyrosol 


Reactions were carried out in Thunberg tubes. Side 
bulbs contained 1 ml. of washed-cell suspension in 0-066m- 
phosphate buffer, pH 6 (70 mg. dry wt. of cells/ml.). Main 
compartment contained 2 ml. of 0-066mM-phosphate buffer, 
pH 6, and, where indicated, tyrosine (8moles), p- 
hydroxyphenylpyruvic acid (l10umoles; sodium salt), 
p-hydroxyphenylacetaldehyde (4-5yumoles); water to 
4 ml. Gas phase N,; temp. 25°. Time 60 min. 


EEP Aldehyde 

(as pmoles in EEP 

of tyrosol) (moles) 
Cells + glucose 0-28 0-27 
Cells + glucose + tyrosine 1-54 0-40 
Cells + glucose + 1-96 0-65 

hydroxyphenylpyruvate 

Cells + glucose + 4-34 1-06 


hydroxyphenylacetaldehyde 


The experiments show that the first step is a 


transamination between L-tyrosine and 2-oxo- 


glutarate, yielding p-hydroxyphenylpyruvate and 
glutamate. The former product is then decarboxy]- 
ated by yeast carboxylase with the formation of 
p-hydroxyphenylacetaldehyde and carbon dioxide. 
The aldehyde so formed is then reduced to tyrosol 
with DPNH as the hydrogen donor. Experiments, 
which will be published later, show that the 
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alcohol dehydrogenase catalyses this reaction. The 
overall reaction can now be written: 


L-Tyrosine + 2-oxoglutarate + DPNH 
Transaminase carboxylase 
alcohol dehydrogenase 


—> 


tyrosol + 
L-glutamate + CO, + DPN 


These reactions account both for the deamination 
of the amino acid and for the absence of ammonia 
from amongst the end products. That a transamin- 
ase could also act as deaminase was first proposed 
by Braunstein & Bychkov (1939), Braunstein & 
Azarkh (1945), to explain the deamination of 
L-amino acids by animal tissues. In our 
transamination is followed by decarboxylation of 
the keto acid produced, whereas in Braunstein’s 
example the second reaction is the oxidation of the 


case, 


glutamate by the glutamic dehydrogenase. 

The role of glucose remains to be explained. It is 
clear that the essential reactions can take place in 
cell-free extracts if 2-oxoglutarate is supplied. In 
whole cells, on the other hand, the reactants are 
L-tyrosine and glucose. There are two obvious 


functions of glucose: first, it provides a source of 


DPNH by glycolysis; secondly, it is the ultimate 
source of the 2-oxoglutarate. That this must be so 
is clear from the fact that yeast can synthesize all 
its amino acids from glucose and ammonia, and 
since 2-oxoglutarate and glutamate are intercon- 
vertable it is clear that the amino acceptor (2- 
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Fig. 6. Oxidation of DPNH by p-hydroxyphenylacetalde- 
hyde. Reaction mixture (3-3 ml.) contained pyrophos- 
phate buffer, pH 8-8 (30umoles), cobalt sulphate 
(lumole), hexose diphosphate (10pumoles), DPN 
(0-3 mg.) and 0-5 ml. of extract. When DPN was re- 
duced p-hydroxyphenylacetaldehyde was added. Optical 
density at 340 mp was measured. Arrows indicate time 
of addition of p-hydroxyphenylacetaldehyde in the 
amounts indicated. 
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oxoglutarate) can be synthesized anaerobicaily 
from glucose. 

The formation of tyrosol by whole cells is in- 
hibited by both sodium azide and 2:4-dinitro- 
phenol, and this suggests that the passage of 
tyrosine into the cell is a process requiring energy. 
If this is so, it would be an additional reason for the 
requirement of glucose for production of fusel oil by 
whole cells. It is of interest that Taylor (1947) 
found that the uptake of glutamate was a process 
requiring energy. 

So far, we have restricted this discussion to the 
conversion of tyrosine into tyrosol, but it seems 
probable that the mechanism we have proposed 
will account for formation of fusel oil in general. 
(1947) and (1955) 
studied the transaminase systems of yeasts. The 
latter author worked with Saccharomyces fragilis 
and found that a number of amino acids participate 
in a transmination with 2-oxoglutarate as the 
amino acceptor. Thus at least in this species the 


Roine Bigger-Gehring have 


deaminating system is present. It is also well 
known that yeast carboxylase decarboxylates a 
wide range of 2-oxo acids (see Green et al. 1941). 
Table 4 shows that when cell-free extracts of S. 
cerevisiae were incubated with tyrosine and 2- 
oxoglutarate at pH 6-2, more carbon dioxide was 
produced than in the presence of 2-oxoglutarate 
alone. Although the reaction was slow, it was 
possible to follow its time course manometrically. 
We have now found that cell-free extracts produce 
carbon dioxide from a number of amino acids in the 
presence of 2-oxoglutarate, thus providing a simple 
method for studying the first steps in the reaction. 
Bigger-Gehring (1955) incubated her 
mixtures in Warburg manometers, but no carbon 
dioxide was formed. This is not surprising, since 
carboxylase is inactive at above pH 7, and Bigger- 
Gehring worked at the optimum pH for transamin- 
ation (pH 7-8). 


reaction 


SUMMARY 
1. Washed-cell 


cerevisiae form tyrosol from L-tyrosine anaerobic- 
ally in the presence of glucose. The presence of 
glucose is essential. 

2. Formation of tyrosol by whole cells is in- 
hibited by 2:4-dinitrophenol and sodium azide. 

3. Cell-free extracts of S. cerevisiae incubated 
with 2-oxoglutarate and tyrosine form p-hydroxy- 
phenylacetaldehyde, glutamic acid and carbon 
dioxide. The reaction is stimulated by pyridoxal 


suspensions of Saccharomyces 


phosphate. 

4. Cell-free extracts of S. cerevisiae decarboxyl- 
ate p-hydroxyphenylpyruvate. 

5. Cell-free extracts oxidize reduced diphospho- 
pyridine nucleotide on addition of p-hydroxy- 
phenylacetaldehyde. 
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6. It is suggested that the formation of fusel oil 
involves the successive action of a transaminase, 
carboxylase and the alcohol dehydrogenase. 
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Thermodynamic Quantities for the Dissociation Equilibria of 
Biologically Important Compounds 


7. THE SECOND ACID DISSOCIATION OF GLYCEROL 


py 8. P. 


1-PHOSPHATE* 


DATTA anp A. K. GRZYBOWSKI 


Department of Biochemistry, University College London 


(Received 21 November 1957) 


Glycerol 1-phosphate is widely distributed in 
animals, being a constituent of a large number of 
phospholipids, and it has been suggested that it is 
a precursor in the biosynthesis of lecithins (Korn- 
berg & Pricer, 1952). It also occurs as an inter- 
mediate in the conversion of glycerol into glycer- 
aldehyde phosphate. These enzyme-catalysed re- 
actions are probably highly sensitive to the charge 
on the glycerophosphate ion, so accurate informa- 
about constants would be 


necessary in any kinetic investigations. Further, it 


tion its dissociation 


is of interest to compare its dissociation constant 
and the related thermodynamic quantities with 


* Part 6: Clarke & Datta (1956). 


those for the isomeric glycerol 2-phosphate, which 
have already been determined (Ashby, Crook & 
Datta, 19545). 


EXPERIMENTAL 


The apparatus and technique for the measurements in cells 
without liquid junction were, in general, the same as have 
been described previously (Ashby, Crook & Datta, 19544; 
Ashby, Clarke, Crook & Datta, 1955). Two stock solutions 
were made containing disodium glycerol 1-phosphate and 
HCl. In these solutions the proportions of disodium 
glycerol 1-phosphate to sodium hydrogen glycerol 1- 
phosphate were 0-7077:1 (stock 1) and 1-4883:1 (stock 2). 
Twelve diluted solutions were made from each stock 


solution, the ionic strengths being from 0-02 to 0-09. 
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Preparation of disodium glycerol 1-phosphate. Commercial 
disodium glycerophosphate (British Drug Houses, Ltd., 
London), which is a mixture of the two isomers, was used 
as a starting material. A solution of this salt was passed 
through a cation-exchange resin (Zeo-Karb 215), and the 
eluate, containing the free acids, was reduced in volume by 
evaporation under reduced pressure. The resulting acid 
solution was boiled for 1 hr. to convert any 2-isomer into 
glycerol 1-phosphate (‘Toal & Phillips, 1949). After cooling, 
the solution was brought to pH 10 by the addition of A.R.- 
grade NaOH pellets. On seeding the cooled solution with 
a few crystals of pure disodium glycerol 1-phosphate 
hexahydrate this salt crystallized out. The crystals were 
recovered by filtration and dried in vacuo over CaCl,. 

Analysis for inorganic phosphate (Allen, 1940) showed 
that the maximum amount of this impurity was 0-01 g. of 
phosphorus in 100 g. of the salt. Determination of total 
phosphorus (Gee & Deitz, 1953) gave 99-68% of the 
theoretical value. Electrometric periodate oxidation 
(Fleury & Lange, 1933; Long & Maguire, 1953) gave a value 
of 100-8% disodium glycerol 1-phosphate hexahydrate 
(average of three determinations); this means that the 
amount of the 2-isomer present must have been negligibly 
small. On ignition to constant weight of 1-1407 g. of the 
salt in a thermobalance (Stanton Ltd., 
London) there was a loss of 0-673 g. Theory requires a loss 


Instrument, 


of 0-6728 g. for the conversion of this amount of disodium 
glycerol 1-phosphate hexahydrate into Na,P,0,. 

From the results of the analyses described it was con- 
cluded that the salt was highly purified disodium glycerol 
1-phosphate hexahydrate. 

Constant-boiling HCl was prepared from A.R.-grade 
conc. acid (Vogel, 1951). The concentration of HCl, 
calculated from the mean atmospheric pressure at the time 
of distillation, was 20-211% (w/w). Standardization 
against potassium hydrogen phthalate, by weight titration 
with carbonate-free NaOH, gave a value of 20-207% 
(w/w). The 
reliable. 


former value was adopted as the more 


RESULTS AND CALCULATIONS 


The equations used in calculating the results were 
the same as described previously (Ashby et al. 
1954a). The values of Ey for the silver—silver 
chloride electrode used were the ‘observed’ values 
of Bates & Bower (1954). The values of R, T' and F 
and the ratio 3/cal. used were those given in Clarke, 
Datta & Rabin (1955). 

The Debye—Hiickel constants, A (eqn. 8 in 
Ashby et al. 1954a), were recalculated with the 
values of the fundamental constants given by 
DuMond & Cohen (1953) and the dielectric constant 
of water from the equation of Wyman & Ingalls 
(1938). 

The molalities of HCl (m,) and disodium glycerol 
1-phosphate (m,), together with the corresponding 
e.m.f. values corrected to 1 atm. and rounded 
temperature (HZ), are listed in Table 1. The ionic 
strengths of the solutions (Z) and the extrapolation 
functions (y=pK,—fI, eqn. 10 of Ashby et al. 
1954a) are given in Table 2. 
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The values of pK, were calculated from the 
values of y by the method of least squares. These 
‘observed’ pK, values were then fitted to the 
Harned & Robinson (1940) equation: 


pK,=A/T—D+CT. (1) 


Each set was fitted separately and the orthogonal 
polynomial constants (Please, 1954) were averaged, 
since they did not differ significantly. Table 3 
shows the 
pkK,, the constants A, C 
value of pK, and the temperature of maximum 
The ‘calculated’ pK, values for 
glycerol 2-phosphate (Ashby et al. 1954b) have 
been included for comparison. The values of B 
(eqn. 10 of Ashby et al. 1954a) have been included 


‘observed’ and ‘calculated’ values of 


and D, the minimum 


dissociation. 


in Table 3 since they are useful in the calculation 
of pH 
buffers. 


values of glycerol 1-phosphate—chloride 

The thermodynamic functions associated with 
the dissociation are shown in Table 4. The standard 
errors were calculated according to Please (1954), 
with the variance about eqn. 1, V (log K), rather 
than the mean variance about the extrapolation 
V (Yo). V(log K) was larger than 
V (yo), the standard errors appear to be larger than 
those given for glycerol 2-phosphate (Ashby et al. 
1954b). The average standard error for pK, of 
glycerol 2-phosphate given in Table 3 has been 


lines, Because 


recalculated in the same way. 

A number of determinations of the ‘apparent’ 
pk, of glycerol 1-phosphate have been reported, 
which were made in cells with liquid junction. For 
the purpose of comparison these are listed in 
Table 5, together with the approximate thermo- 
dynamic pK, values calculated from them, the 
Guntelberg equation being used to represent the 
activity coefficients. To test the validity of the 
equation in this system, the pH values of glycerol 
l-phosphate buffers were measured with a pH 
meter (Philips Ltd., London, Type GM 4491). The 
agreement between the observed values of pH and 


those calculated from a modified Henderson— 
Hasselbalch equation: 
H=vK,+1 Mea,  3AI* ‘ 
pH=pK,+log 7 —y (2) 


was good at ionic strengths lower than 0-1. Thus 
at J values 0-0768 and 0-0832 the observed pH 
values were 6-125 and 6-490, whereas the values 
calculated from eqn. 2 were 6-125 and 6-482; the 
ratios ™,,),/ 
The deviation between the observed and the calecu- 
lated pH values at values of J greater than 0-1 


m were 0-667 and 1-5 respectively. 


acid 


is no doubt due to the failure of the Guntelberg 
equation as a true representation of the activity 
coefficients. 
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Table 1. Molalities of solutions and e.m.f. values of cells 
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Absolute volts are corrected to 1 atm. pressure of hydrogen and rounded temperatures. m,=molality of Re PO,NaH = 
3 § 1 . 4 


10? m, 10? m, 5 10° 15 20° 25° 30° 35 40° 45° 


nolality of NaCl. m,=molality of R-PO,Na,. 


e.m.f. (v) 





Set 1 


0-47494 0:33610 0-71401 0-71975 0-72560 0-73147 0-73735, 0-74383 0-74925 0-75524, 0-76127 0-76729 


0-62026 0-43894 0-70684 0-71244 0-71815 0-72390; 0-72966 0-73542; 0-74120 





0-67574 0-47820 0-70454 0-71015 0-71583, 0-72149, 0-72720, 0-73294 — — _— 
0-75847 0-53674 0-70146 0-70696; 0-71254 0-71817 0-72381 0-72951 0-73523, 0-74094 0-74665 0-75234 


0-88347 0-62520 0-69720 0-70269 0-70831, 0-71380, 0-71934, ph lrny 





0-93901 0-66451 0-69561 0-70101, 0-70646 0-71197, 0-71747 72300, 0-728: 857, 0-73415 0-73976 0-74524 
1-07591 0-76138  0-69183 0-69719; 0-70260 0-70804 0-71350 0. 71901. 0-724! 51. 0-73002 0-°73558, 0-74120, 
1-19546 0-84598  0-68892 0-69425 0-69958 0-70496 0-71033; 0-71579, 0-72122 0-72668 0-73211 0-73762 


— jm jt 


0-31579  0-46998 0-74164 0-74790, 0-75420; 0-76055, 0-76704 0-77338 0-77979 0-78630 0-79286 0-79932 
0-41341 0-61527 0-73442 0-74053 0-74669 0-75292 0-75924 0-76544 0-77168 0-77797 0-78429 0-79061, 
0-51776 0-77058 0-72830 0-73436 0-74042 0-74652, 0-75273 0-75884 0-76498, 0-77121 0-77748 0-78371 
0-60185  0-89573 0-72419 0-73014 0-73614, 0-74218 0-74830; 0-75433 0-76042 0-76650 0-77263 0-77884, 
0-70745 1-05289 0-71970 0-72566 0-73156 0-73750 0-74348 0-74945 0-75548 0-76148 0-76748 0-77355 
0-80985 1-20529 0-71608 0-72 
0-90643 1-34902 0-71291,; 0-71867 0-72446 0-73029 0-73616; 0-74202 0-74790 0-75375 075967. 0-76557 
0-97323 1-44844 0-71101 0-71669 0-72244 0-72823 0-73406 0-73990 0-74578 0-75159,; 0-75740 0-76334 
1-10349 1-64231 0-70737 0-71305 0-71874 0-72443; 0-73018 0-73592 0-74169; 0-74754 0-75331 0-75915 
1-20839 1-79844 0-70480 0-71047; 0-71610 0-72177 0-72744 0-73315 0-73890 0-74466 0-75030, 0-75604 
1-31148 195187 0-70253 0-70814 0-71373 0-71936 0-72499 0-73067;, 0-73638 0-74213 0-74779 0-75343 
1-40826 2-09589 0-70051 0-70608 0-71166 0-71724 0-72285; 0-72848 0-73412 0-73982 0-74553 0-75129, 


y= 


-38033 0-97682 0-68490 0-69013 0-69540 0-70072, 0-70607 0-71142 0-71683 0-72223 0-72757 
-52249 1-07741  0-68222 0-68739 0-69261 0-69788 0-70315 0-70842 0-71373; 0-71914 0-72448 0-72949 
-69093 1-19662 0-67925; 0-68438 0-68956 0-69478, 0-70001, 0-70523 0-71050 0-71579 0-72103 0-72628 


E-K,) F mi 2Al* ‘ ; : ; ao 
( o) : -. One value of J suffices for all temperatures since my + is negligible. J =2m,+3m,. 


Set 2 





186 0-72769 0-73358 0-73947 0-74538 0-75127 0-75709 0-76304, 


Table 2. Values of ionic strengths (I) and extrapolation function (y) at rounded temperatures 


+log —+— 
Inl0 RT > Mm, 14+] 
y 


wl OB 10 15 20 25 30° 35° 40 45 50° 
Set 1 

1-9582 6-64314 6-64095 6-64330 6-64854 6-65781 6-66952 6-68148 6-69722 6-71558 6-73537 
25573 6-64402 6-64175 6-64403 6-64963 6-65902 6-66952 6-68138 = = 

2-7861 6-64464 664333 6-64591 665062 6-65999 6-67072 : = a a 

31272 6-64610 6-64397 6-64567 6-65090 6-66010 6-67127 6-68402 6-69900 6-71626 6-73476 
36425 6-64500 6-64403 6-64801 6-65219 6-66104 6-67154 7 ee a ah 

38715 6-64675 6-64482 6-64619 6-65138 6-66004 6-67035 6-68245 6-69721 6-71474 6-73179 
44360 6-64680 6-64543 6-64736 6-65249 6-66178 668498 6-69985 6-71780 673815 
4-9289 6-64741 6-64641 6-64799 6 6-66186 6-68490 6-69989 6-71663 6-73620 
56911 6-64775 664635 6-64825 6-66332 668685 6-70212 6-71866 6-73773 
6-2772 6-64939 6-64783 664977 6-65518 6-66441 6-67462 6-68682 6-70305 6-72045 6-73614 
6-9717 6-64966 664832 6-65055 6-65617 6-66796 6-67634 668834 6-70364 6-72039 6-73888 





a 


Set 2 


20415 6-64591 6-64424 6-64577 6-65076 6-66180 6-67133 6-68322 6-69929 6-71830 6-7372% 
2-6726 6-64732 6-64533 6-64682 6-65210 6-66270 6-67221 6-68360 6-69839 6-71585 6-73493 
3-3473 6-64810 6-64729 6-64905 6-65417 6-66479 6-67474 6-68649 6-70211 6-72063 6-74004 
3: 8909 6-64893 6-64756 6-64973 6-65 ot 501 6-66561 6-67548 6-68763 6-70221 6-71979 6-74026 
6- 649( 4 6-64936 6-651 18 j 2 6-66589 6-67629 6-68888 6-70356 6-72048 6-74005 
5652 6-65037 ‘ 6-66700 6-67760 6-68910 6-70208 6-71949 
6-65114 6- 65883 666889 6-67959 6-69190 6-70632 6-72411 6- 743 13 
6-65237 6-65453 6-65998 6-66993 6-68100 6-69395 6-70841 6-72497 6-74523 





6- 2918 











7-1339 6-65231 6-65463 6-65964 6-66932 6-67991 6-69230 6-70841 55 6°74535 
78121 6-65351 6-66098 6-67023 6-68115 6-69395 6-70949 6-72545 6-74442 
8-4786 6-65450 6-66221 » 6-67155 6-68280 6-69560 6-71170 6-72861 6-74679 





9-1042 6-65498 6-65770 6-66302 6-67276 6-68367 6-69606 6-71200 6-73034 6-74782 


0-73297 
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Table 3. 


SECOND DISSOCIATION OF GLYCEROL 1-PHOSPHATE 





Observed and calculated values of pK, at rounded temperatures 


B is the slope of the extrapolation (eqn. 10 of Ashby et al. 1954a). A, C and D are the constants of eqn. 1. pKypjp. is the 
minimum value of pK, and 7',4), is the temperature at which it occurs. Calculated values for pK, of glycerol 2-phosphate 
are included for comparison (Ashby et al. 1954b). A 


these figures were used to calculate the constants A, C and D. 
9-1°, 


T tn. 


Temp. 
5 
10 
15 
20 
25 
30 
35 
37 
40 
45 
50 


pK’; 


Pp Bh che, 
6-6411 
6-6389 
6-6415 
6-6463 
66545 
6-6666 
6-6785 
6-6938 
6-7124 
6-7325 


Temp. 


5° 
10 
15 
20 
25 
30 
35 
37 
40 
45 
50 


Table 5. 


apparent constant; pX,, 


Set 1 
sinacienel eae 
104g B 
5 0-13 
5 0-14 
4 0-13 
4 0-14 
8 0-17 
5 0-13 
8 0-14 
0-14 
3 0-11 
22 0-08 
Gay. _ 10 . 
AG® 
Cal. J 
8454 35 370 
8604 36 000 
8759 36 647 
8918 37 312 
9081 37 993 
9247 38 691 
9418 39 406 
9488 39 697 
9593 40 138 
9772 40 887 
9955 41 653 
G5» F25> 
‘6 7 
1-0 4 
1-6 7 


PK obs. 
6-6440 
6-6419 
6-6432 
6-6483 
6-6594 
6-6685 
6-6799 
6-6944 
6-7129 
6-7333 


O ny. =0-8 x 10-3 


Values of pK,,,, are given to four decimal places, as 


1411-3733; D =3-3605; C =0-017718; pK pi, =6-641; 


PR cate. -p Bs. ° 
A 
Set 2 
a —— _ 
10a B 
7 0-13 
5 0-15 
5 0-16 
5 0-17 
5 0-15 
Ss 0-17 
8 0-19 
9 0-20 
12 0-18 
11 0-16 


Glycerol 
2-phosphate 





Table 4. Thermodynamic quantities 


Cal. 
185 
-42 

- 274 
510 
749 
993 

1241 

1341 

1493 

1749 

2009 


05 = Standard 
47 
14 


52 


AH® 


J 


7 
7 


— ee J 


1146 
2132 
- 3135 
4155 
5191 
5611 
6245 
- 7316 
8403 


: 
Errors 


errors at 5°, 25° and 50° respectively 


198 
60 
218 


I=ionic strength at which the pK,’ was determined. 


Author 
Kiessling (1934) 


King & Delory (1939) 


Present paper 


pk, ale. 10* A PKocatc. 
6-642 +8, —21 6-657 
6-641 +20, -—10 6-650 
6-643 +15, -2 6-646 
6-648 +17, -3 6-646 
6-656 +14, -35 6-650 
6-666 -2, -21 6-657 
6-679 +10, -—4 6-666 
6-685 - 6-671 
6-695 +11, -5 6-679 
6-713 +3, —2 6-694 
6-733 2 6 6-712 
VIV (log Ky] VV (log K)] 
1-5 x 10-3 1-3 x 10-3 
- As -Acs 
Cal. deg.-! gdeg.-1 Cal. deg.-! 3 deg.—} 
29-7 124-4 45-1 189 
30-5 127-8 45-9 192 
31-4 131-2 46-7 196 
32-2 134-6 47-5 199 
33-0 137-9 48-3 202 
33-8 141-3 49-2 206 
34-6 144-7 50-0 209 
34-9 146-1 50°3 210 
35-4 148-1 50-8 213 
36-2 151-5 51-6 216 
37-0 154-9 52-4 219 
0-16 0-69 2-0 8-2 
0-05 0-20 2°] 8-8 
0-16 0-69 2:3 9-6 


Thermodynamic pK, values of glycerol 1-phosphate calculated from literature values 
of the apparent pK, 


; P 7 -,, dAlt 
thermodynamic constant calculated from the equation pK,=pK,’ + lah’ where 
Temp. I pk,’ pk, Method 

Room temp. 0-080 6-44 6-77 Hydrogen electrode in cell with 
liquid junction 

Room temp. 0-024 6-44 6-64 Hydrogen electrode in cell with 
liquid junction 

20 6-648 Hydrogen and silver-silver 


chloride electrodes in cells 
without liquid junction 
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DISCUSSION 


From a comparison of pK, for the two isomeric 
phosphates (Table 3), it 
impossible to say which is the ‘stronger’ acid, 


glycerol is obviously 


since the pK-temperature curves cross at 18-9 
(pA, = 6-647), as shown in Fig. 1. Below this 
temperature the l-isomer is the stronger acid, 


whereas the reverse is true above it. Further, it 
may be calculated from the constants of eqn. 1 that 


the two curves should intersect again at 152 
(calculated pK,=7-492). Although this value, 


lying so far outside the experimental temperature 
range, is of rather uncertain accuracy, it is highly 
probable that the two curves do, in fact, cross over 
at some elevated temperature. 

If the maximum values of the second dissociation 
of the relative 
acid strengths of the two acids, the l-isomer is the 
stronger by 0-005 pK unit. A striking difference 
between the two acids is the comparatively wide 


constant are used as a criterion 


disparity between their temperatures of maximum 
dissociation, T’,,,, being 9-08° for the 1-isomer and 
17-18° for the 2-isomer. 
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Fig. 1. Variation of the second pK (smoothed values) of 


glycerol 1-phosphate and glycerol 2-phosphate with 
temperature. @, Glycerol 1-phosphate; O, glycerol 2- 
phosphate. 


Table 6. 


DATTA AND A. K. GRZYBOWSKI 


1958 


The thermodynamic functions associated with 
the second dissociations do not show very marked 
differences (Table 4). The values of the standard 
free-energy change, AG®, have the same relation- 
ship as the pK values. More marked is the differ- 
ence in the standard entropy change, AS®, which is 
lower (more negative) for glycerol 1-phosphate at 
range. This 
means that for the l-isomer the standard entropy 
change is less favourable for dissociation, whereas 


all temperatures in the experimental 


the standard heat change, AH®, is more favourable 
(i.e. lower). The relationship is most clearly seen at 
18-9°, when the two values of AG® are the same. It 
is difficult to account for these differences on 
theoretical grounds involving structural differences 
between the two acids, as the relative effects of a 
number of complex factors would have to be 
known. 

Values of AH® and AS® for the second dissocia- 
tions of the two glycerol phosphates and for that of 
orthophosphate at 25° are shown in Table 6. The 
AS® for orthophosphate is markedl) 
higher (less negative) than for the glycerol phos- 
phates. This may be partially explained in terms of 
the statistical effect. The contribution, due to this 
effect, to AS® of the glycerol phosphates (or all 
similar phosphate esters) is — 1-4 cal. deg.—! mole 
(=R In 2). In fact, on an average (5—50°), AS® is 
3°3 and 2-2 cal. deg.-t mole lower for the glycerol 
1- and 2-phosphates respectively than it is for the 
orthophosphate. 

The much lower values of AH® for the glycerol 
phosphates than for orthophosphate are probably 
due to the inductive effect of the aliphatic hydr- 
oxyl groups and the stabilization of the R*PO,?- 
ion by internal hydrogen bonds. 


value of 


It may be concluded from this discussion that the 
pK, values of the two glycerol phosphates are 
much the same, although their variation with 
temperature is different. This invalidates the con- 
clusion drawn by Kumler & Eiler (1943) from the 
apparent pK, values determined by Kiessling 
(1934), which suggested that the 2-isomer was the 
Kumler & Eiler attempted to 
explain this apparent difference on the basis of 


stronger acid. 


differences in magnitude of the inductive effect of 
the hydroxyl groups in the two isomers, and 


differing degrees of stabilization by internal 


Thermodynamic quantities for the second dissociations of orthophosphate, glycerol 1-phosphate 


and glycerol 2-phosphate at 25 


Orthophosphate 


AG® cal. 9822 

AH? eal. 797 

AS® cal. deg.— — 29-7 
Author Bates & Acree (1945) 


Gly cerol 
1-phosphate 


Glycerol 
2-phosphate 


9081 9069 
749 -412 
— 33-0 —31-8 


Present paper 


Ashby et al. (19545) 
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hydrogen-bonding in the ions concerned. They con- 
cluded that the combination of these effects en- 
hances the acid strength of the 2-isomer more than 
that of the l-isomer. The fact remains that the 
2-isomer is the stronger acid above 18-9°, and con- 
sequently it must be assumed that other effects 
exist which make the 1l-isomer the stronger acid 
below this temperature. The results obtained here 
serve as a warning of the dangers of using experi- 
mental pK values with a possible error of as much 
as +0-03 unit as a basis for conclusions about the 
magnitude and direction of effects such as the 
statistical effect and the inductive effect. 


SUMMARY 


1. The second dissociation constant of glycerol 
]-phosphate has been determined over the range 
5-50° at 5° intervals, cells without liquid junction 
with hydrogen and silver-silver chloride electrodes 
being used. 

2. The standard quantities 
associated with the second dissociation of glycerol 
1-phosphate, AG®, AS®, AH® and AC} have been 
evaluated and critically compared with those of 


thermodynamic 


glycerol 2-phosphate and orthophosphoric acid. 

3. The information given will allow the prepara- 
tion of standard buffers of glycerol 1-phosphate in 
the range pH 5-7, and up to ionic strengths of 0-1. 

The authors thank Dr P. A. T. Swoboda for a specimen of 
pure crystalline disodium glycerol 1-phosphate hexa- 
hydrate and for carrying out the electrometric periodate 
oxidations. They also thank the Central Research Fund of 
the University of London for a grant to purchase potentio- 
metric equipment, and Mr V. L. Bengeri for technical 
assistance. 
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The Permeability of Isolated Rat-Liver Mitochondria to 
Sucrose, Sodium Chloride and Potassium Chloride at 0° 
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The distribution of solutes between isolated mito- 
chondria and the incubation medium has been 
studied by several (Spector, 1953; 
Macfarlane & Spencer, 1953; Stanbury & Mudge, 
1953; Bartley & Davies, 1954; Price, Fonnesu & 
Davies, 1956). The method is to separate the mito- 
chondria by rapid centrifuging and analyse the 
sedimented pellet and supernatant fluid. From the 
distribution of solutes it inferred that 
certain ions are accumulated by the mitochondria, 


workers 


has been 





and evidence has been presented connecting the 
accumulation with metabolism. However, the 
possible contribution by non-metabolic factors, 
such as permeability, adsorption, swelling or 
decomposition, was not always assessed before 
studying the effect of the 
distribution of solutes. 

Werkheiser & Bartley (1957) have developed 
improved methods for studying the concentrations 


metabolism upon 


of solutes in mitochondria, and have emphasized 
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the value of conducting preliminary experiments at 
0° in order to eliminate as far as possible the effects 
of metabolism upon the solute distribution. The 
low temperature also minimizes both the decompo- 
sition of labile substances and the swelling of mito- 
Under these conditions the distribution 
reflect the permeability and 
adsorbency of the mitochondria. Both Werkheiser 
& Bartley (1957) and Jackson & Pace (1956) have 
presented data on the permeability of rat-liver 


chondria. 


of solutes should 


mitochondria, but the results are somewhat con- 
flicting. 

The aims of the work reported in this paper are 
to measure the water and solute content of rat- 
liver mitochondria isolated in 0-25M-sucrose at 0°, 
and to study their permeability to sucrose, sodium 
chloride and potassium chloride at this temper- 
ature. The data obtained are intended to provide an 
adequate background for further studies of the 


effect of metabolism on solute movements. 


METHODS 


Preparation of mitochondria. Rat-liver mitochondria 
were prepared in (-25M-sucrose as described by Werk- 
heiser & Bartley (1957). The final firmly packed mito- 
chondrial residue was resuspended in 0-25M-sucrose to 
make the ‘stock suspension’ which was kept at 0° until 
required (usually #-1} hr.). 

Incubation. In all experiments described in this paper 
until the 
mitochondria had been separated from the medium by 
centrifuging for analysis. The incubation vessels were 


the mitochondrial suspensions were kept at 0 


placed in an ice bath, and the contents occasionally gently 
shaken. 
Sampling. The centrifuge tubes were previously chilled 


in ice, and the centrifuge was maintained at 0-2°. 


Samples 
of the mitochondrial suspension (2 ml., containing about 
30 mg. of mitochondrial dry matter) were centrifuged at 
about 26000g for 10min. The supernatant fluid was 
decanted into 1-0 ml. of 30% (w/v) trichloroacetic acid 
(TCA). The inside of the centrifuge tube was carefully dried 
with strips of filter-paper. After weighing, the pellet was 
extracted overnight with 1-0 ml. of 10% (w/v) TCA. In 
one experiment the 
through silicone fluid of sp.gr. 1-055, according to the pro- 
cedure of Werkheiser & Bartley (1957). (No lower layer of 
aqueous ‘fixative’ was used.) 
Determination of mitochondrial dry 


mitochondria were centrifuged 


The TCA- 
extracted residues were washed and dried as described by 
Werkheiser & Bartley (1957), to obtain the weight of 
“10% TCA-insoluble mitochondrial dry matter’ (/). 
Estimation of extraparticulate fluid. The method of 
Werkheiser & Bartley (1957) was employed. [!4C]Carboxy- 
polyglucose (referred to below as ‘labelled polyglucose’) 


matter. 


was added to the mitochondrial suspension in a final 
10% (w/v). 
polyglucose was presented by Dr P. T. Mora, National 
Cancer Institute, National Institutes of Health, Bethesda, 
U.S.A., who has stated that it is a branched-chain 
polymer with spherical molecules, mol.wt. 50 000 (number- 
average). 


concentration of 0-5 or The sample of 


E. AMOORE AND W. BARTLEY 


1958 


Analytical methods 


Sucrose. This was estimated by the method of Kulka 
(1956). 

Phosphate. Total phosphate was estimated by the 
method of Berenblum & Chain (1938) as modified by 
Bartley (1953), after wet-ashing the sample by the method 
of Hanes & Isherwood (1949). Ashing was facilitated by 
the addition of 0-05 ml. of 5% (w/v) ammonium molyb 
date, as suggested by Werkheiser & Bartley (1957). 

Chloride. The method of Sanderson (1952) was employed 
A marked improvement in sensitivity and reproducibility 
was achieved by decreasing the volume of liquid in the 
titration A conical glass vessel, 3 cm. deep, of 
1-0 ml. capacity was used. The titrant was 0-050M-AgNO,, 
delivered from an Agla micrometer syringe (Burroughs, 
Wellcome and Co.). The titration medium was 10% TCA, 
and a little capryl alcohol (octan-2-ol) was added to prevent 
frothing. The mitochondrial and supernatant extracts 
contained about 10% of TCA, and 0-05-0-2 ml. samples 
were titrated directly. With the smaller sample volumes 
0-1 ml. of 10% TCA was added. The equivalence point was 
at 250 mv with 10% TCA as titration medium, compared 
with 220 mv when 0-1 n-HNO, was used. The silver electrode 
was cleaned as recommended by Werkheiser & Bartley 
(1957) before use. 

Sodium and potassium. These elements were estimated by 
means of a lithium internal-standard flame photometer, 
which was built in this Laboratory. The design and opera- 
tion of the instrument are described in the Appendix 
(Amoore, Parsons & Werkheiser, 1958). 

Magnesium. The method of Mann & Yoe (1956) was 
adapted as follows: The sample (containing not more than 
0-2 umole of magnesium) was diluted to 2 ml. with water, 
heated for 2 hr. in a boiling-water bath to decompose the 
TCA, cooled and again made up to 2-0 ml. with water. Then 
0-1 ml. of 2 mm-CaCl,, 1-0 ml. of magnesium reagent solu- 
tion [0-015 % (w/v) in redistilled ethanol] and 1-0 ml. of 
0-08m-sodium borate were added. [The magnesium re- 
agent was sodium 1-azo-2-hydroxy-3-(2:4-dimethylearbox- 
anilido)naphthalene-1’- (2-hydroxybenzene - 5 - sulphonate), 
obtained from LaMotte Chemical Products Co., Baltimore, 
Md., U.S.A.] The volume was made up to 10 ml. with 
redistilled ethanol. The solution was mixed and allowed to 
stand for lhr. before the absorption was measured at 
510 mp. Large amounts (75 zmoles) of sucrose decreased 
the colour intensity, but up to 25moles/sample did not 
interfere. 
added to mitochondrial extracts. 

Radioactive potassium. *K,CO, (A.E.R.E., Harwell, 
Berks) was neutralized to pH 7-4 with 0-125N-HCI before 
addition to the mitochondrial suspension. An M6 liquid 
counter (Veall, 1948) was used. At least 10000 counts 
were accumulated, and corrections were applied for back- 
ground, dead-time and decay. 


vessel. 


Accurate recoveries were obtained of Mg? 


Calculations 


External concentrations. The analyses of the supernatant 
were expressed in the same units as the internal concen- 
trations (millimolal). 

Internal concentrations. The method of calculating the 
internal water content of the mitochondria followed that 
used by Werkheiser & Bartley (1957). The internal concen- 
trations of solutes were expressed in millimolal units. In 
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Table 1. 


PERMEABILITY OF MITOCHONDRIA 225 


Extraparticulate fluid in mitochondrial pellets 


Labelled polyglucose was added as indicated to mitochondrial suspensions in 0-25 m-sucrose at 0°. Samples (2 ml.) were 
sedimented at 25 000g for 10 min. The mitochondrial pellets were extracted with 10% trichloroacetic acid and assayed 
for labelled polyglucose. In this and other tables M represents mitochondrial dry wt. 


Time of 
sedimentation 


Conen. of after adding 


labelled labelled 
Expt. polyglucose polyglucose 
no. (%) (min.) 
1 1-0 — 
2 1-0 -- 
3 1-0 - 
4 0-5 3 
0-5 90 
5 1-0 5 
0-1 5 
0-01 5 


some experiments the amount of extraparticulate fluid was 
not estimated. The total water content of the pellet was 
therefore calculated instead, and the concentration of 
solutes in the pellet expressed on this basis. 

Solute ‘spaces’. The solute ‘space’ of the mitochondria, 
considered to be accessible to an external solute, was the 
ratio of the internal and external concentrations of the 
solute, expressed as a percentage. When the extraparticu- 
late fluid was not estimated, the solute space of the pellet 
was calculated instead. 

Non-accessible volume. The volume of mitochondrial 
water considered to be non-accessible to an external solute 
was calculated and expressed as l./kg. of M. 

Solute content. The number of moles of a solute, divided 
by M, gave the solute content. This was expressed as 
m-moles/kg. of M. 

RESULTS 


Estimation of extraparticulate fluid by means of 
labelled polyglucose. Several preparations of mito- 
chondria in 0-25Mm-sucrose were made, 1-:0% of 
labelled polyglucose was added to the suspension, 
and samples were centrifuged at 0°. Experiments 
1-3 (Table 1) show wide variation in the proportion 
of water which was extraparticulate, from 24 to 
59% in different preparations. Using the same 
method, Werkheiser & Bartley (1957) found that 
19-22 % of the water was extraparticulate. Jackson 
& Pace (1956) have also measured the extra- 
particulate fluid in mitochondrial pellets by using 
41] -labelled albumin. They found that about 18 % 
of the volume of the pellet was extraparticulate 
fluid. The use of labelled polyglucose might yield an 
overestimate of the extraparticulate fluid, due to 
either slow penetration into the particles or ad- 
sorption on their surface. 

The possibility that labelled polyglucose might 
slowly penetrate the mitochondria was tested in 
Expt. 4 (Table 1). Labelled polyglucose in a final 


concentration of 0-5 % was added to a mitochondrial 


15 


Total water Extra- Internal water 
content of particulate content of 
pellet water mitochondria 
(L./kg. of M) (%) (L/kg. of M) 
2-17 24-7 1-64 
2-54 37°8 1-58 
2-45 59-1 1-00 
2°72 37-4 1-70 
2-73 33-6 1-80 
2-10 53°5 0-98 
2-41 46-0 1-31 
2-41 35 1-5 


suspension in 0-25m-sucrose. A sample was with- 
drawn and sedimented 3 min. after mixing, and 
another sample after a further 87 min. storage at 
0°. During this period the total water content of 
the pellet was almost unchanged, but the percent- 
age of extraparticulate water decreased from 37 to 
33%. There was an increase in the internal water 
content of the mitochondria from 1-70 to 1-80 1./kg. 
of M. This showed that at the end of the experi- 
ment labelled polyglucose was excluded from a 
greater volume than at the start, and so it did not 
penetrate the mitochondria during the interval. 

The alternative that labelled polyglucose might 
be adsorbed by the mitochondria was tested in 
Expt. 5 (Table 1). Labelled polyglucose was added 
to three samples of mitochondrial suspension in 
final concentrations of 1-0, 0-1 and 0-01 %, and the 
samples were centrifuged simultaneously. It was 
expected that, if adsorption occurred, the use of a 
low concentration of labelled polyglucose would 
yield an overestimate of the extraparticulate fluid. 
However, this did not happen, which suggests that 
no adsorption had occurred. 

Jackson & Pace (1956) applied a different test of 
the possibility that their labelled colloid might be 
adsorbed by the mitochondria. They added the 
[231] albumin to a suspension of mitochondria in 
0-25M-sucrose, centrifuged and resuspended the 
residue in fresh sucrose. After centrifuging again, 
they found that only about three-quarters of the 
radioactivity had been removed from the original 
mitochondrial pellet. This experiment has been 
repeated, with labelled polyglucose, and similar 
results were obtained. However, Expt. 5, Table 1, 
showed that the retention of labelled polyglucose in 
the pellet could not be due to adsorption. It was 
noted that on resuspending the residue some small 
flakes of the pellet remained visible. The failure to 
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achieve the expected dilution of radioactivity on 
resuspension was probably due to incomplete dis- 
persion of the mitochondria and consequent en- 
training of labelled polyglucose. 

Sucrose content of isolated mitochondria. Several 
preparations of rat-liver mitochondria were made 
in 0-25M-sucrose, and samples were sedimented at 
0° for analysis. The results in Expts. 1-3 (Table 2) 
showed a wide variation from one preparation to 
another in the internal concentration of sucrose, 
which was 80-200 millimolal, but was always less 
than the external concentration. A partial perme- 
ability of mitochondria to sucrose has been ob- 
served by Jackson & Pace (1956) and also by 
Werkheiser & Bartley (1957), who reported values 
of 57—59 % for the sucrose ‘space’ of mitochondria 
isolated by the same procedure. In the present 
work the sucrose space varied from 34 to 74% 
(Table 2). 

Potassium content of isolated mitochondria. The 
internal concentration of potassium (Table 2) 
24 to 94 millimolal. Werkheiser & 
Bartley (1957) found 47-59 millimolal potassium in 
isolated mitochondria. In the present series of 
experiments the potassium content was 38- 
138 m-moles/kg. of M. Price et al. (1956) found 
113 m-moles of potassium/kg. of dried mito- 
chondrial pellet, sedimented from 0-25M-sucrose 
at 0°. 

When the internal concentrations of sucrose and 
potassium in Expts. 1-3 (Table 2) were compared, 
it was noted that a high sucrose concentration was 
associated with a low potassium concentration and 
vice versa. It was considered that this inverse 
relationship might be due to a gradual loss of 
potassium from the mitochondria during storage of 
the stock suspension, and replacement by sucrose. 
About ?-l1}hr. elapsed in most experiments 
between the completion of the mitochondrial pre- 
paration and sampling the stock suspension. 


varied from 
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To test the stability of a stock suspension, it was 
sampled Il}hr. after the preparation had been 
completed, and again after a further 87 min. 
storage at 0°. The analyses are shown in Expt. 4 
(Table 2). During this period the internal potas- 
sium concentration decreased by 20%, and the 
sucrose concentration increased by 25%. A slight 
increase in water content also occurred, but it 
amounted only to 6%. 

Changes of solute content of mitochondria during 


prolonged storage in 0:25M-sucrose at 0°. In view of 
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Fig. 1. Changes of solute content of mitochondria during 
prolonged storage in 0-25M-sucrose at 0°. M represents 
mitochondrial dry wt. (see Methods). The incubation and 
sampling procedure are described in the text. @, 
Potassium content; A, trichloroacetic acid-extractable 
phosphate content; HM, magnesium content; O, water 
content; A, volume of mitochondrial water non- 
accessible to sucrose. 


Concentrations of sucrose and potassium in isolated mitochondria 


Samples (2 ml.) of mitochondrial suspensions in 0-25Mm-sucrose at 0° (containing labelled polyglucose) were sedimented 
at 25 000 g for 10 min. The mitochondrial pellets and the supernatant fluid were analysed for labelled polyglucose, sucrose 


and potassium. 


Internal 
water 
content of 


Sucrose 
Sucrose (millimolal) 


‘space’ of 


Vol. of 
mitochondrial 
water 
non-accessible 


Potassium 


Potassium (millimolal) content 


Expt. mitochondria  , — — . mitochondria to sucrose — — (m-moles 
no. (l/kg.of M) External Internal (%) (l./kg. of M) External Internal kg. of M) 
j 0-99 233 80-1 34-4 0-65 0-2 94-1 93-3 
2 1-64 250 132 52-7 0-77 0-8 52-8 86°5 
3 1-58 264 200 74-7 0-38 1-1 24-0 38-0 
4 1-70 247 136 55:3 0-76 0-4 61-0 103 
* 1-80 247 170 69-0 0:56 0-6 48-9 88-5 


* Sedimented 87 min. later. 
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the considerable changes in sucrose and potassium 


content which occurred during storage for 14 hr. of 


the stock suspension (Table 2, Expt. 4), the changes 
occurring over a much longer period were studied. 
A stock suspension of mitochondria was prepared 
as rapidly as possible (2} hr. from the death of the 
rats) by omitting the resuspension and recentri- 
fuging of the nuclear fraction. The stock suspension 
in 0-25M-sucrose was kept at 0° and sampled at 
2hr. intervals for 10 hr. Each sample (2 ml.) was 
mixed with 0-1 vol. of 10% (w/v) labelled poly- 
glucose and allowed to stand at 0° for 5 min. before 
it was centrifuged. The results are shown in Fig. 1. 
The content of potassium decreased at a uniform 
rate from 130 to 76 m-moles/kg. of M during the 
first 4hr., but then remained constant for the 
next 4 hr., after which a further small loss occurred. 
The curve for total TCA-extractable phosphate 
content was similar, decreasing from 117 to 
92 m-moles/kg. of M during the first 4 hr., with 
little further change except for a slight fall at the 
end. The magnesium content was initially 37 m- 
moles/kg. of M and decreased very slightly during 
the first 4 hr. The chloride content remained at 
about 16 m-moles/kg. of M, and the sodium 
content was less than 6 m-moles/kg. of M (not 
shown). 

The volume of mitochondrial water which was 
non-accessible to sucrose was initially 0-81 1./kg. of 
M and decreased at a uniform rate for the first 
4hr. to 0-55 1./kg. of M. There was no change for 
the next 2 hr., but during the last 4 hr. a further 
decrease to 0-48 1./kg. of M took place. During the 
first 4 hr. the rate of loss (in m-moles/kg. of M/hr.) 
of potassium was 12-6, of phosphate 5-5 and of 
magnesium 0-7. During the same period the rate of 
penetration of into the initially 
accessible volume was 14-7 m-moles/kg. of M/hr. 

This experiment confirmed the reciprocal rela- 
tionship previously noted between the movements 
of potassium and sucrose. However, the actual 
rate of the process could not account for the range 
of values of potassium content given in Table 2, as 


sucrose non- 


the variation in the time taken to prepare the mito- 
chondria was not greater than 1 hr., during which 
a loss of about 12 m-moles/kg. of M might be 
expected, whereas the potassium content of differ- 
ent mitochondrial preparations varied over a 
range of 100 m-moles/kg. of M. 

Solute content of the residues obtained at each stage 
of the preparation of mitochondria. Until the final 
stage of the preparations, the mitochondria were 
accompanied by a certain amount of ‘fluffy layer’ 
which sedimented above them. This was freely 


flowing and could be partially removed by pouring 
it off with the supernatant fluid. The fluffy layer is 
usually considered to be a mixture of microsomal 
(Novikoff, Podber, 


and mitochondrial material 
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Ryan & Noe, 1953). Werkheiser & Bartley (1957) 
showed that mitochondria could be centrifuged 
through silicone fluid of sp.gr. 1-055. It seemed 
unlikely that the fluffy material would be dense 
enough to penetrate this fluid, and therefore this 
procedure might afford a means of fractionating the 
particles. Accordingly, a mitochondrial prepara- 
tion (omitting the resuspension and recentrifuging 
of the nuclear fraction) was carried through, and 
samples of the suspension were removed at each 
stage for sedimentation in a second refrigerated 
centrifuge. The suspension (4-5 ml.) was mixed with 
0-5 ml. of 10% (w/v) labelled polyglucose and two 
2 ml. samples were sedimented simultaneously, one 
directly and the other through 2-5 ml. of silicone 
fluid of sp.gr. 1-055. The centrifuge was accelerated 
maximally and run for 10 min. at 26 000 g. 

The mitochondrial suspension was sampled at 
four stages in the preparation. At each stage the 
residue which penetrated the silicone fluid re- 
sembled the mitochondrial pellets normally ob- 
tained at the end of a preparation, having a pale 
buff colour without any pink fluffy layer. In all 
stages except the last, some pink material re- 
mained at the interface between the supernatant 
medium and the silicone. 

During the fractionation the water content of 
the ‘total particles’ (sedimented without silicone) 
decreased from 7-5 1./kg. of M in the first residue to 
1-00 1./kg. of M in the final preparation (Table 3, 
stages 1 and 4). The final preparation contained 
much higher concentrations of potassium, phos- 
phate and magnesium, and a much lower concen- 
tration of sucrose, than the first residue. The 
particles obtained at the second and third stages 
were intermediate in composition. These results 
implied that the first three residues consisted of 
mixtures of particles. This conclusion was sup- 
ported by the analyses of the particles which pene- 
trated the silicone fluid (the ‘dense particles’). The 
water content of the particles which penetrated the 
silicone was lower than that of the total particles at 
each stage except the last, where it was the same. 
At this stage also, the whole of the particulate dry 
matter penetrated the silicone, which did not occur 
with the earlier samples. In the first three stages of 
the preparation, the dense particles contained 
higher potassium, phosphate and magnesium con- 
centrations than the total particles, but a lower 
sucrose concentration. In the final preparation 
there was little difference between the composition 
of the total particles and the dense particles. 

These that the mitochondria 
obtained in the final preparation, characterized by 
their high potassium, phosphate and magnesium 
concentration and low water and sucrose content, 


results showed 


were accompanied in the earlier stages of the 
preparation by diminishing proportions of particles 
15-2 
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poor in endogenous solutes and with high water 
and sucrose contents. 

Appearance of the mitochondrial preparations in 
the electron microscope. Through the courtesy of 
Dr G. A. Meek of the Department of Human 
Anatomy, Oxford University, a number of our 
preparations of mitochondria have been examined 
with the Siemens Elmiskop 1. The methods of 
fixing and sectioning the mitochondria were based 
on the procedures described by Witter, Watson & 
Cottone (1955). The general appearance of the 
micrographs was similar to those published by 
these authors of rat-liver mitochondria isolated in 
0-25M-sucrose. There was no sign of contamination 
by ‘microsomal’ or other particulate material. 
Some of the mitochondria contained ‘vesicles’, as 
described by Witter et al. (1955), although the 
extent of this damage was not so great as that 
noted by them. Preparations containing a high 
proportion of vesiculated mitochondria had a 
higher water content and sucrose space, and lower 
potassium and phosphate concentrations, than 
those showing less vesiculation. 

The heterogeneity of the preparations of mito- 
chondria, with respect to endogenous solute 
content and permeability to sucrose, would account 
for the wide range of analyses which have been 
found for different preparations of mitochondria. 
It should also be borne in mind when the distribu- 
tion of sucrose, sodium chloride and potassium 
chloride is considered in the following sections. 

Effect of 0:125m-sodium chloride on the solute 
content of mitochondria. A concentration of 
0-125m-sodium chloride was chosen because it has 
the same osmolarity as 0-25m-sucrose. A 4m. 
sample of a suspension of mitochondria in 0-25M- 
sucrose was centrifuged and the supernatant 
poured off. The residue was resuspended in 4 ml. of 
ice-cold 0-125m-NaCl and kept at 0° for 15 min. 
A 2ml. sample was then centrifuged at the same 
time as a 2 ml. sample of the original suspension in 
0-25m-sucrose. The analyses of the mitochondrial 
pellets and supernatant fluid are shown in Table 4. 
In Expt. 1 the pellet sedimented from 263 milli- 
molal sucrose contained 182 millimolal sucrose, 
indicating a value of 69% for the sucrose space of 
the pellet, or 0:79 1./kg. of M for the volume of 
mitochondrial water which was non-accessible to 
sucrose. The supernatant from the second sample 
(sedimented from 0-125m-sodium chloride) con- 
tained 12 millimolal sucrose, while the pellet con- 
tained only 11 millimolal sucrose. Therefore more 
than nine-tenths of the sucrose content of the 
original pellet was removed by resuspending in 
saline and recentrifuging. However, the sucrose 
content of the pellet did not decrease quite so much 
as would be expected if the sucrose space re- 


mained the same. This may be due to entrainment 
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of sucrose in fragments of the pellet, as happened 
with the labelled polyglucose. 

As compensation for the removal of sucrose 
from the pellet, there were large increases in the 
sodium and chloride contents, but neither ion 
reached as high a concentration in the pellet as was 
present in the supernatant. In the first experiment 
the sucrose, sodium and chloride spaces of the 
pellets were respectively 69, 73 and 65%, and in the 
second experiment 63, 63 and 60%. This indicated 
that the mitochondria were about equally perme- 
able to these solutes. Conversely, about 0-8- 
0-91./kg. of M of mitochondrial water remained 
non-accessible to sucrose, sodium or chloride. 

It was noted that, when the mitochondria sedi- 
mented from sodium chloride were compared with 
those sedimented from sucrose, the increase in 
sodium concentration in each was greater than the 
increase in chloride concentration. In Expt. | 
(Table 4) the sodium concentration in the pellet 
increased by 87 millimolal, while the chloride con- 
centration only increased by 74 millimolal. The 
corresponding figures in Expt. 2 were 79 millimolal 
for sodium and 70 millimolal for chloride. In the 
first experiment there was a small loss of potassium 
from the pellet, but in the second experiment it 
remained almost unchanged. The concentration of 
total TCA-extractable phosphate was unchanged 
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by the saline medium, being 38 millimolal in 
Expt. 1 and 53 millimolal in Expt. 2, but the 
magnesium concentration decreased from 11-4 to 
8-6 millimolal in Expt. 1 and from 12-4 to 10-4 
millimolal in Expt. 2. 

Effect of 0-125M-potassium chloride on the solute 
content of mitochondria. The experiments described 
in the preceding section were repeated, with the 
same stock suspensions of mitochondria, but with 
0-125 m-potassium chloride instead of sodium chlor- 
ide. The results are shown in Table 5. In both 
experiments most of the sucrose was replaced by 
potassium chloride. The distribution of chloride was 
very similar, whether it was added as the potassium 
or sodium salt (compare Tables 5 and 4). 

When the pellets sedimented from potassium 
chloride were compared with those sedimented 
from sucrose, it was found that the increase in 
potassium concentration was somewhat greater 
than the increase in chioride concentration. In 
Expt. 1 (Table 5) the potassium concentration in 
the pellet increased by 85 millimolal, while the 
chloride increased by only 64 millimolal. In Expt. 2 
the figures were 88 and 72 millimolal respectively. 

In Expt. 2 (Table 5) a tracer amount of radio- 
active potassium chloride (42KCl) was included in 
the resuspension medium. From the specific 
activity of the potassium in the supernatant and in 


Table 4. Effect of 0-125M-sodium chloride on the solute content of mitochondria 


A suspension of mitochondria in 0-25M-sucrose (4 ml.) was sedimented, and the residue resuspended in 4 ml. of 0-125m- 
NaCl at 0°. Samples (2 ml.) of this suspension and of the original suspension in 0-25M-sucrose were centrifuged for analysis 
of pellet and supernatant. Sample (a) was the sucrose suspension, and sample (b) the NaCl suspension, in each experiment. 





Total Conens. of solute (millimolal) 

water _ = ———— —_—— A—__— - - - —_ 

content Sucrose Sodium Chloride Potassium 

Expt. of pellet ; : -— = * * ————_——_—_,, 

no. (l./kg. of M) S.* Po 8. Ss 8. r. 8. FE. 
la 2-54 263 182 <0-2 0-4 <0-1 4-3 0-3 42:5 
b 55 12-0 11-2 121 88-1 120 78-1 0-4 38-4 
2a 2-55 268 170 <0:1 <0-4 <0-1 5:3 0-2 54-1 
b 2-48 9-2 7-5 124 79-0 126 75-0 0-5 55-0 


* §., supernatant; P., pellet. 


Table 5. Effect of 0-125M-potassium chloride on the solute content of mitochondria 


Details as in Table 4, except that 0-125m-KCl was used instead of NaCl. The mitochondrial suspensions in 0-25 M-sucrose 
were the same as those used in Table 4. In Expt. 26, a trace amount of 42KCl was included in the medium. 





Total 
water f - 
content Sucrose 
Expt. of pellet en nn, 
no. (l./kg. of WZ) S.* P* 
la 2-54 263 
b 2°54 8-9 8-2 
2a 268 170 
b 8-6 79 





* §., supernatant; P., peilet. 


Conens. of solute (millimolal) 


Potassium Chloride 
-—- — 42K in ——_—__—_,, 
8. Yr. pellet 8. P. 

0-3 <0-1 4-3 
122 118 68-7 
0-2 <0-1 53 
123 88-0 125 77-7 
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the mitochondrial pellet it was concluded that the 
labelled potassium reached a concentration of only 
88 millimolal in the pellet, whereas the total 
potassium concentration was 142 millimolal. The 
difference (unlabeiled potassium) was 54 milli- 
molal, which was the same as the concentration of 
endogenous potassium in the pellet sedimented 
from 0-25m-sucrose. The endogenous potassium 
the 
resuspension in 0-125M-potassium chloride, and 


was therefore retained by mitochondria on 
failed to exchange with the potassium of the 
medium. The concentration of labelled potassium 
in the mitochondrial pellet was used to calculate 
the potassium space of the pellet, which was 71 %. 
This was a little larger than the corresponding 
sucrose and chloride spaces of 63 and 62%, or the 
sodium space of 63 % found in the experiment with 
It indicated that about 0-7 1./ 
kg. of M of the mitochondrial water was non- 


sodium chloride. 


accessible to external K+ ions. 

The concentration of TCA-extractable phosphate 
was not altered by resuspending the mitochondrial 
pellet in 0-125M-potassium chloride and 
sedimenting, but the magnesium concentration was 
lowered to the same levels as were observed with 


re- 


the sodium chloride resuspension medium. 


The removal of sucrose from a preparation of 


mitochondria was further studied. A stock sus- 


pension of mitochondria in 0-25M-sucrose was 
maintained at 0°. At the start, and after 4} and 
8} hr., two samples (2 ml.) of the suspension were 
centrifuged. 
resuspended in 2 ml. of ice-cold 0-125M-potassium 
chloride. After they had stood for 5 min. at 0°, the 
mitochondria were again sedimented. The analyses 
Expts. 1-3. Although the 
sucrose concentration in the control residues sedi- 


One of each pair of residues was 


are shown in Table 6, 
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mented from 0-25M-sucrose increased during 
storage of the stock suspension, almost all of it was 

vashed out on resuspension in potassium chloride 
solution, leaving only a small excess concentration 
of sucrose in the pellet. The distribution of sucrose 
and chloride was used to calculate the volume of 
water in the pellets which could be regarded as 
being non-accessible to these solutes. The results 
are shown in the last two columns of Table 6. 
For each pair of pellets the volume non-accessible 
to chloride in the resuspended pellet was similar 
to that non-accessible to sucrose in the control 
pellet. 

In these experiments, which showed almost 
complete removal of sucrose from the mitochondria, 
5-15 min. elapsed between resuspending the mito- 
chondria in the saline medium and sedimenting 
them again. A shorter delay was achieved by 
mixing a concentrated suspension of mitochondria 
in 0-25M-sucrose with four times its volume of 
0-125M-potassium chloride, and centrifuging a 
sample immediately. The results are shown in 
Expt. 4 (Table 6). Less than 2 min. elapsed 
between mixing the fluids and starting the centri- 
fuge, yet the mitochondrial sucrose had already 
equilibrated with the new suspension medium, and 
analysis of a further pellet sedimented 18 min. later 
showed little further change in solute content. 
These experiments show that, although the pene- 
tration of sucrose into the mitochondria may take 
many hours, its removal may be achieved in a 
few minutes. 

Changes of solute content of mitochondria during 
prolonged storage in 0-125M-sodium chloride and in 
0-125M-potassium chloride at 0°. Three samples of 
the same suspension of mitochondria in 0-25mM- 
sucrose were centrifuged, and the pellets were 


Table 6. Removal of sucrose from mitochondrial pellets by washing with 0-125M-potassium chloride 


In Expts. 1-3 a suspension of mitochondria in 0-25 M-sucrose was kept at 0°. At the stated times samples (2 ml.) 
were centrifuged. One residue was resuspended in 2 ml. of ice-cold 0-125 M-KCl and resedimented. In each experiment 
sample (a) was sedimented from 0-25 M-sucrose, and sample (b) from 0-125m-KCl. In Expt. 4, 1 ml. of a concentrated 
suspension of mitochondria in 0-25 M-sucrose was added to 4 ml. 0-125m-KCl. Samples (2 ml.) were centrifuged. 


Conens. of solute (millimolal) 


Vol. of water in 
pellet (1./kg. of I) 





Total 
water -———— - 
content Sucrose 
Expt. of pellet ~-- A — 
no. Time (l./kg. of M) S.* P.* 
la 0 3:17 244 178 
b 3-16 7-1 9-4 
2a 43 hr. 2-50 245 186 
b 3-14 4-5 13-6 
3a 8} hr. 2-56 245 192 
b 3°15 3-9 12-2 
4 2 min. 2-50 49-4 37-0 
18 min. 2-46 49-5 35-7 


Potassium 





Chloride non-accessible to 
i — = — _ A ‘ Ct = = NW— = ‘ 
S. es Ss. Q. Sucrose Chloride 
0-1 41-0 0-1 5:4 0-81 -- 
128 141 126 97-9 — 0-70 
0-3 30-4 0-1 73 0-55 — 
132 139 128 106 — 0-54 
0-5 29-0 0-1 5-0 0-52 _ 
131 136 130 106 0-58 
107 108 _- — 0-62 — 
106 110 -—- -- 0-68 _ 


* §., supernatant; P., pellet. 
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resuspended in 0-25m-sucrose, 0-125mM-sodium 
chloride and 0-125M-potassium chloride respec- 
tively. The suspensions were kept at 0° with 
occasional gentle shaking, and samples were with- 
drawn for centrifuging and analysis. The analyses 
of the pellets sedimented from each suspension at 
the start of the experiment have already been 
given in Table 4 (Expt. 2) and Table 5 (Expt. 2). 
The results of storage for 8 hr. at 0° of the sus- 
pension in 0-125m-sodium chloride are shown in 
Table 7. During the 8 hr. there was a slow increase 
in the sodium and chloride concentrations in the 
pellet (16 and 14 millimolal respectively), but 
neither of these ions reached as high a concentra- 
tion in the pellet as that in the medium. In the 
same interval there was a loss from the pellet of 
18 millimolal potassium, which was slightly more 
than equivalent to the sodium which penetrated. 
The total TCA-extractable phosphate concentra- 
tion also decreased, but only by 6 millimolal. 
Table 8 shows the results of the experiment in 
which the suspension medium was 0-125M- 
potassium chloride. A trace amount of 4*KCl was 
included in the medium. The only appreciable 
change that occurred during the experiment was a 
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steady increase in specific activity of the potassium 
in the pellet. Whereas initially none of the endo- 
genous potassium exchanged, at the end of the 
experiment about 75 % of it had reached the same 
specific activity as the potassium in the medium. 

The suspension in 0-25M-sucrose was sampled 
only at the start (see Table 4, Expt. 2a) and after 
storage for 8 hr. at 0°. In this interval the water 
content of the pellet decreased slightly from 2-55 to 
2-31 1./kg. of M, but the magnesium content was 
unaltered at 32 m-moles/kg. of M, and the sucrose 
concentration increased from 170 to 198 milli- 
molal. The potassium concentration decreased from 
54 to 23 millimolal, while the TCA-extractable 
phosphate concentration fell from 52 to 39 milli- 
molal. The losses of potassium and of phosphate 
from the pellet were about twice as rapid in 
0-25M-sucrose as they 0-125 M-sodium 
chloride. 

Effect of mixtures of 0-25M-sucrose and 0-125M- 
potassium chloride on the solute content of mito- 
chondria. A concentrated suspension of mito- 
chondria in 0:25m-sucrose (1 ml.) was added to 
4 ml. of medium, which consisted of 0-25 M-sucrose 
or 0-125Mm-potassium chloride, or mixtures of these 


were in 


Table 7. Effect of storage in 0-125m-sodium chloride at 0° on the solute content of mitochondria 


A suspension of mitochondria in 0-25m-sucrose (16 ml.) was sedimented, and the residue resuspended in 16 ml. of ice-cold 
0-125m-NaCl. The suspension was kept at 0°, with occasional gentle shaking. Samples (2 ml.) were centrifuged for analysis 
as indicated. The conen. (millimolal) of sodium in the supernatant was found to be 127, chloride 126 and sucrose 9-1. 
During the experiment, the conen. of potassium in the supernatant increased from 0-5 to 1-6 millimolal. 


Total 
water co 
content 
Time of pellet 
(hr.) (l./kg. of M) Sucrose Sodium 
0 2-48 7-5 79-0 
} 2-42 7-2 80-1 
1 2-49 71 88-1 
2 2-45 71 90-4 
4 2-36 7-2 96-0 
8 2-38 7-0 95-0 


Conens. of solute in pellet (millimolal) 


TCA- 


extractable 
Potassium Chloride phosphate Magnesium 
55-0 75-0 54:3 10-4 
55-4 77-0 53-6 10-8 
51-0 78-9 53-9 10-3 
44-3 83-0 50-0 10-9 
42-1 84-8 49-7 10-8 
36-5 89-0 48-4 11-6 


Table 8. Effect of storage in 0-125M-potassium chloride at 0° on the solute content of mitochondria 


Details as in Table 7, except that 0-125m-KCl was used instead of NaCl. The mitochondrial preparation was the same as 
that used in Table 7. A trace amount of ##KCl was included in the medium. The concen. (millimolal) of potassium in the 
supernatant was 123, chloride 125 and sucrose 8-6. There was <2 millimolal sodium in the pellets and <1 millimolal 


sodium in the supernatant. 


Total 
water #£‘>———— — 
content 
Time of pellet Total 
(hr.) (1./kg. of M) Sucrose potassium 
0 2-42 7-9 142 
4 2:33 73 148 
] 2-36 6-5 148 
2 2-40 6-7 145 
4 2:36 61 145 
8 2-50 6-0 146 


Conens. of solute in pellet (millimolal) 


TCA- 


Unex- 
changed extractable 

“=. potassium Chloride phosphate Magnesium 
88-0 54 77-7 52-3 10-1 
88-0 60 78-0 55-1 10-8 
96-7 51 76-8 54-2 10-8 
106 39 79-0 53-4 10-6 
118 27 79-9 52-2 10-6 
132 14 84-1 49-8 9-9 
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two solutions. Labelled polyglucose was included 
in the mixture at a final concentration of 1%. 
After being kept at 0° for 15min., two 2 ml. 
samples were withdrawn for sedimentation. The 
analysis of the mitochondria centrifuged from 
0-25M-sucrose (Expt. 1, Table 9) shows that this 
preparation of mitochondria had an unusually high 
sucrose concentration and low potassium concentra- 
tion. When potassium chloride was included in the 
medium, the water content of the mitochondria 
became about 25 % higher than that in the control 
is not 
understood why the addition of potassium chloride 


samples without potassium chloride. It 
to the sucrose medium resulted in an increase in 
mitochondrial volume. There was no difference 
between the effect of 0-002M- and 0-1M-potassium 
chloride in this respect. 

In all samples the sucrose concentration in the 
mitochondria was lower than that in the super- 
natant. The mitochondria sedimented from 0-25M- 
sucrose contained 7 millimolal chloride. The internal 
concentration did not increase until 
11 millimolal chloride was added to the medium. 
With higher concentrations of chloride in the 
medium the concentration of chloride in the mito- 


chloride 


chondria was less than that in the medium. 

The potassium concentration in the mitochondria 
sedimented from 0-25M-sucrose was 24 millimolal 
(Expt. 1, Table 9). In Expts. 2-6 concentrations of 
potassium up to 46 millimolal were present in the 
medium. These resulted in increases in the internal 
concentration which were roughly equal to the 
increases in the potassium concentration of the 
medium. Thus the mitochondria maintained an 
excess concentration of 19—22 millimolal potassium 
above the medium, when the latter contained 
1—46 millimolal potassium. These findings are con- 
sistent with the view expressed by Werkheiser & 
Bartley (1957) that under these conditions the 
endogenous potassium of the mitochondria re- 
mained bound, while the added potassium became 
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distributed throughout all the mitochondrial 
water. However, when an external potassium con- 
centration of 107 millimolal was tested (Expt. 7), 
the excess concentration in the mitochondria fell to 
14 millimolal. 

The experiment showed that there was con- 
sistently an exclusion of sucrose and of chloride 
from part of the mitochondrial volume. The excess 
uptake of potassium compared with chloride, which 
has been previously noted, was observed with all 
external concentrations of potassium chloride. 

Effect of hypertonic sucrose and mixtures of 
sucrose and potassium chloride on the water and 
solute content of mitochondria. A concentrated sus- 
pension of mitochondria in 0-25M-sucrose (1 ml.) 
was added to 4 ml. of ice-cold 0:25M-sucrose; then 
the appropriate volume of 2-5m-sucrose or 1-5m- 
potassium chloride was added slowly, with mixing. 
The stock suspension of mitochondria was the same 
as that used in the experiment described in the 
preceding section, and the concentration of labelled 
polyglucose and the sampling procedure were the 
same. In Table 10, Expt. 1, the mitochondria were 
sedimented from 0-:25M-sucrose without addition. 
The addition of equal osmolar amounts of sucrose 
or potassium chloride produced the same decrease 
in the water content of the mitochondria (compare 
Expts. 2 with 5, 3 with 6, and 4 with 7). Throughout 
this series (Expts. 1-7) there was an almost con- 
stant ratio between the internal and external 
concentrations of sucrose, indicating that a con- 
stant volume (about 0-41./kg. of M) remained 
inaccessible to sucrose. 

The samples of Expts. 2-4 were centrifuged 
together 30 min. later than the control (Expt. 1). 
The observed concentrations of potassium were the 
result of different amounts of leakage of potassium, 
counter-balanced by decreases of water content 
due to the hypertonic medium which increased the 
concentration of internal solutes. In Expts. 5-7 
there was an exclusion of chloride, whereas the 


Table 9. Effect of mixtures of 0-25M-sucrose and 0-125M-potassium chloride 
on the solute content of mitochondria 


A concentrated suspension of mitochondria in 0-25m-sucrose (1 ml.) was added to 4 ml. of 0-25m-sucrose or 0:125m-KCl 
or mixtures of the two. Labelled polyglucose (1%) was included in the medium. After 15 min. at 0°, two samples (2 ml.) 


were sedimented for analysis. 


Internal 
water 


content of Sucrose 





Expt. mitochondria a 

no. (l./kg. of M) External Internal 
] 1-58 264 

2 1-96 261 

3 2-02 251 

4 2-10 248 212 

5 2-00 219 190 

6 1-98 173 155 

7 2-21 50-2 41-5 


Conens. of solute (millimolal) 


Potassium Chloride 
External Internal External Internal 
1-2 24-0 0-1 7-0 
3-6 24-2 2-5 59 
6-4 26:1 5-5 6-4 
11-8 31-0 11-2 11-0 
22-4 44-8 22-0 20-6 
46:1 65-0 44-3 38-0 


107 121 107 86-0 
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potassium analyses were in agreement with the 
postulate that this ion had penetrated all the 
internal water of the mitochondria, without loss of 
that potassium which was initially present. 

The results of two more experiments are included 
in Table 10, in which the analyses are given for 
different preparations of mitochondria in 0-25mM- 
sucrose (Expts. 8a and 9a) and for mitochondria 
obtained after adding potassium chloride in a final 
concentration of approximately 0-04m to the 
medium (Expts. 8b and 9b), which may be com- 
pared with Expt. 6. In Expts. 8b and 96 the 
addition of 0-04M-potassium chloride produced 
shrinkages of the mitochondria of 15 and 21% 
respectively, which was rather more than that in 
Expt. 6 (9%). The salt altered the distribution of 
the sucrose in such a way that the volume which 
remained inaccessible to sucrose showed a con- 
siderable decrease, from 0-77 to 0-48 1./kg. of M in 
Expt. 8 and from 0-76 to 0-66 1./kg. of M in Expt. 9. 

Effect of a mixture of sucrose and sodium and 
potassium chlorides on the solute content of mito- 
chondria. The conditions of this experiment were 
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based on those used by Werkheiser & Bartley 
(1957) when they measured the distribution of 
sodium, potassium and chloride 
mitochondria and the medium. They added sodium 


ions between 
chloride and potassium chloride together to a 
suspension of mitochondria in 0-25M-sucrose, so 
that the final concentration of each salt was 
0-:04m. In the present experiment (see Table 11), 
four samples (2 ml.) of a suspension of mitochondria 
in 0-25M-sucrose received respectively no addition, 
0:04m-sodium chloride, 0-04M-potassium chloride, 
and 0-04M-sodium chloride plus 0-04M-potassium 
chloride. After standing for 10 min. at 0° they were 
centrifuged for analysis. 

The addition of salts decreased the water content 
of the mitochondrial pellets. In Expts. 2-4 
(Table 11) the concentration of chloride in the 
pellet was always considerably less than that in the 
supernatant. In Expts. 2 and 4 the concentration 
of sodium in the pellet also remained below that in 
the supernatant, but the sodium space in the pellet 
was in each case larger than the chloride space. In 
Expts. 3 and 4 the concentration of potassium 


Table 10. Effect of hypertonic media on the water and solute content of mitochondria 


In Expts. 1-7 a concentrated suspension of mitochondria in 0-25 M-sucrose (1 ml.) was added to 4 ml. of ice-cold 0-25m- 
sucrose. 2-5M-sucrose or 1-5M-KCl was added. The mitochondrial suspension and sampling were the same as in Table 9. 
Labelled polyglucose (1%) was included in the medium. In Expts. 8 and 9, 1-5m-KCl was added to a suspension of mito- 


chondria in 0-25m-sucrose. (For details see text.) 


Internal 
water 


Conens. of solute (millimolal) 


Vol. of 
mitochondrial 
water non- 


content of Sucrose Potassium Chloride accessible 
Expt. mitochondria fh — — - ’ ——~ to sucrose 
no. (l./kg. of M) External Internal External Internal External Internal (l./kg. of M) 
] 1-58 264 200 1-2 24-0 0-1 7-0 0-38 
2 1-53 302 236 1-9 22-8 0-1 6-2 0-33 
3 1-44 361 254 1-2 26-9 0-1 7-0 0-43 
4 1-33 496 354 1-0 31-3 0-1 8-4 0-38 
5 1-54 264 199 23-8 54-4 22-9 20-9 0-37 
6 1-44 259 19] 47-7 78-7 46-9 35-4 0-38 
Z 1-34 248 177 lll 133 113 85-0 0-42 
8a 1-63 250 132 0-9 52:8 0-1 59 0-77 
8b 1-38 241 157 48-4 106 49-6 44-6 0-48 
9a 1-70 247 137 0-4 61-0 0-1 8-9 0-76 
9b 1-33 250 126 39-8 104 42-4 28-0 0-66 


Table 11. Effect of a mixture of 0-25M-sucrose, 0:04M-sodium chloride and 0-04M-potassium 
chloride on the solute content of mitochondria 


Samples (2 ml.) of a suspension of mitochondria in 0-25 M-sucrose were mixed with the appropriate volume of 3M-NaCl 
or 1-5m-KCl, or both. After standing for 10 min. at 0° the mitochondria were centrifuged for analysis. 








Total Conens. of solute (millimolal) 
water — - —_______ A —__________ —_- ——_-- 

content Sucrose Sodium Potassium Chloride 
Expt. of pellet ————___A___—_,, —— — ——— A 
no. (1./kg. of M) S.* Pp» 8S. P: S. P. S. P. 
] 2-54 263 182 0-2 0-4 0-3 42-5 0-1 4-3 
2 2-34 244 182 41-6 36-1 0-2 41-7 39-3 33°3 
3 2-34 254 200 0-4 0-4 41-6 83-0 39-4 32-6 
4 2-31 235 199 43°3 35:8 40-3 79-8 85-1 65-5 


* §., supernatant; P., pellet. 
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found in the pellet was almost exactly the sum of 
the endogenous potassium concentration found in 
Expt. 
medium, which is in agreement with the findings of 
Werkheiser & Bartley (1957). The distribution of 
sodium and chloride was, however, not the same as 
they reported. The added salts had no effect on 
total TCA-extractable phosphate content of the 
mitochondrial pellet, but in each case about 18% 


1 plus the concentration added to the 


of the endogenous magnesium was lost from the 
mitochondria. 


DISCUSSION 


Water content of mitochondria. In this work the 
water content of the mitochondria, or alternatively 
of the whole mitochondrial pellet, was measured. 
This water content was taken for calculating the 
millimolal concentration of internal solutes, which 
was compared with the millimolal concentration of 
solutes in the supernatant. 

Pace (1956) did not estimate the 
water content of their preparations of mito- 
chondria, but measured the total volume of the 


Jackson & 


mitochondrial pellets. The total pellet volume was 
used for calculating the concentration of solutes in 
the pellet (as mg./ml. of pellet) which was com- 
pared with the concentration in the supernatant 
(as mg./ml. of solution). This method of expressing 
concentrations does not allow for the volume of 
the mitochondrial pellet. It is 
therefore not possible to make quantitative com- 
parisons of our results with those of Jackson & 


dry matter in 


Pace. 

Under their experimental conditions Jackson & 
Pace (1956) reported that the mitochondria soon 
swelled to times their initial volume, 
particularly in saline media. This may perhaps have 
been due to their carrying out the incubations at 
12-5°. In our work all incubations were at 0°, and 
very little swelling occurred. 

Heterogeneity of mitochondrial preparations. The 
distribution of solutes among different fractions 
obtained during the isolation of mitochondria 
(Table 3) showed that until the final stage of the 
preparation a mixture of particles was present. 
Apparently some of the particles contained much 
potassium and phosphate and were fairly imperme- 


several 


able to sucrose, while other particles contained low 
concentrations of the endogenous solutes and were 
rather permeable to sucrose. The two kinds of 
particles were partially segregated, by the selection 
shown to occur during differential centrifuging or 
by means of their differing ability to penetrate 
silicone fluid of sp.gr. 1-055 on rapid centrifuging. 
The final preparation was not fractionated any 
further by spinning through silicone. However, it 
still contained enough sucrose to indicate that.about 
one-tenth of the mitochondrial water was accessible 
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to this solute. This was an unusually low perme- 
ability to sucrose; in the majority of preparations 
about half to two-thirds the mitochondrial 
volume was accessible to sucrose, with undiminished 


of 


ability to penetrate silicone fluid on centrifuging. 

The electron micrographs have shown that the 
preparations consisted only of mitochondria. They 
also showed that some of the mitochondria had a 
vesicular appearance, which was not seen in the 
of rat liver. 
Further, there was some correlation between the 


mitochondria observed in sections 
degree of vesiculation and the sucrose content. It is 
surmised that during the isolation procedure some 
of the mitochondria develop vesicles, lose endo- 
genous potassium and phosphates, and become 
permeable to sucrose. 

It is not known whether the above are ‘all-or- 
nothing’ phenomena as regards an individual mito- 
chondrion. Nor could pure preparations of un- 
damaged mitochondria be obtained, as judged by 
the criteria of solute content and permeability. 
Accordingly, in the treatment of the analytical 
data the results are interpreted in terms of acces- 
sible and spaces rather than 
damaged or undamaged mitochondria. 

Novikoff (1957) has published electron micro- 
graphs showing well-preserved isolated mito- 
chondria and has contrasted them with the 
appearance of the particles found in the fluffy 
layer, which included much-swollen mitochondrial 
bodies. This is in accordance with our observation 
that, during the preparation, material was dis- 
carded which had a much higher degree of hydra- 
tion than the final product. 

Permeability of mitochondria. The mitochondria 
were partially, but never completely, permeable to 
sucrose. The volume of mitochondrial water which 
remained non-accessible to sucrose gradually 
decreased on prolonged storage of the mitochondria 
in 0:25m-sucrose (Fig. 1). The results in Table 6 
showed that, although the penetration of sucrose 
into the mitochondria was very slow, its removal by 
resuspending the mitochondria in a sucrose-free 
medium (0-125M-potassium chloride) was _ very 
rapid. This behaviour is not in accordance with 
simple diffusion through a membrane, which, with 
a given concentration gradient, should proceed at 
an equal rate in either direction. It seems more 
likely that the penetration of sucrose is due to 
either breakdown or shrinkage of the barriers 
which initially confine the non-accessible space. 

The experiments with 0-125 m-sodium chloride or 
-potassium chloride media (Tables 4 and 5) showed 
that the mitochondria were only partially perme- 
able to Na*, Kt and Cl” ions. The mitochondrial 
volume which appeared to remain non-accessible 
to these ions was approximately the same as that 
However, it 


non-accessible 


which was non-accessible to sucrose. 


} 
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was observed that on transfer of the mitochondria 
into the saline there were greater increases in the 
sodium or potassium concentration in the mito- 
chondrial pellet than in its chloride concentration. 
It is considered that this discrepancy is due to an 
affinity of the mitochondria for certain cations. 
Bartley & Amoore (1958) have shown that the 
discrepancy is much greater with manganese 
chloride, where the excess uptake of manganese at 
0° apparently takes place by a process of cation- 
exchange adsorption. It may recalled that 
transference of the mitochondria to a saline medium 
resulted in a small loss of magnesium from the 
particles. With concentrations of potassium up to 
about 50 millimolal the analyses indicated that the 
whole of the mitochondrial water was accessible to 
K* ion (Tables 9-11; compare Werkheiser & 
Bartley, 1957). It is probable that under these 
conditions the of the 
volume is masked by the cation affinity. 

Mudge (1955) showed that the endogenous 
potassium of rabbit-liver mitochondria exchanged 
only very slowly with radioactive potassium added 
to the medium (containing 140 m-equiv./l. of 
potassium) in experiments carried out at 1°. Our 
results with rat-liver mitochondria were similar 
(Tables 5 and 8). 

Jackson & Pace (1956) reported that the pene- 
tration of sucrose into the mitochondria had a half- 
time of a few hours, whereas isotopically labelled 
sodium and potassium entered very rapidly, with 
half-times of penetration of 10 min. or less. At the 
start of their experiments much higher rates of 
penetration were observed. The initial rapid entry 


be 


existence non-accessible 


is in accordance with our conclusion that a pre- 
paration of mitochondria contains two kinds of 
water space, one easily accessible to sucrose, 
sodium chloride or potassium chloride, and the 
other rather impermeable. However, the rates of 
penetration that they observed were much faster 
than were found in the present study. This may be 
related to their higher incubation temperature and 
the onset of swelling of the mitochondria. 

Osmotic properties of mitochondria. It was shown 
(Table 10) that when mitochondria were exposed 
to hypertonic conditions there was a decrease in 
their water content. If Expts. 1 and 4 (Table 10) 
are compared, it is seen that when the concentra- 
tion of sucrose in the medium was nearly doubled 
the shrinkage produced was only 16%. This was 
probably because 75 % of the internal water of the 
mitochondria was penetrated by the sucrose, and 
accordingly this volume might be expected not to 
undergo shrinkage. Tedeschi & Harris (1955) also 
observed that isolated mitochondria did not 
undergo such large changes in total volume in 
different concentrations of sucrose as osmotic con- 
siderations would suggest. The discrepancy corre- 
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sponded with an osmotic dead-space of about 
40-50% of the volume of the mitochondria in 
0-25M-sucrose. They ascribed the dead space to the 
dry matter of the mitochondria, and concluded 
that the mitochondria were actually impermeable 
to sucrose. One of our preparations of mito- 
chondria had 50% dry weight and was almost 
impermeable to sucrose, but it was exceptional. 

The shrinkage produced by sucrose and by 
potassium chloride in equal osmolar quantities was 
equal (Table 10). This supported the analytical 
evidence that the permeability to both solutes was 
the same. 


SUMMARY 


1. The distribution of solutes between isolated 
rat-liver mitochondria and the suspension medium 
at 0° was studied by centrifuging and analysing the 
sedimented pellet and supernatant fluid. 

2. Under standard conditions of centrifuging 
(26 000 g for 10 min.) the volume of extraparticu- 
late fluid in the pellet was 24-59% of the total 
water of pellets sedimented from 0-25M-sucrose at 
0°. The water content of the mitochondria was 
1-0—1-8 1./kg. of dry weight. 

3. Mitochondria isolated from 0-25M-sucrose 
contained sucrose at a concentration of 34-74 % of 
that in the medium. They also contained 24-94 
millimolal potassium. There was an inverse re- 
lationship between the sucrose and potassium 
content of different preparations of mitochondria. 

4. During the isolation of mitochondria by 
differential centrifuging, dense particles containing 
a high concentration of potassium and little sucrose 
were partially separated from less dense particles 
with a low potassium content and much sucrose. 
Differing proportions of these particles in the final 
preparation accounted for the variable analyses of 
different mitochondrial preparations. 

5. The sucrose was largely removed from iso- 
lated mitochondria by centrifuging and resuspend- 
ing them in 0-125m-sodium chloride or 0-125M- 
potassium chloride. 

6. A given preparation of mitochondria was 
initially about equally permeable to sucrose and to 
Na*, K* and Cl ions. There was a small excess 
uptake of sodium or potassium compared with 
chloride. 

7. On prolonged storage of the mitochondria at 
0° in 0-25m-sucrose or 0-125m-sodium chloride 
there was a gradual loss of endogenous potassium 
and phosphate, while some penetration by solutes 
of the medium occurred. In 0-125M-potassium 
chloride containing **K, the endogenous potassium 
of the mitochondria exchanged very slowly with 
potassium in the medium. 

8. Hypertonic media caused a decrease in the 
water content of the mitochondria. The amount of 
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shrinkage indicated that about three-quarters of 


the mitochondrial water volume was osmotically 
dead space. 
9. It is concluded that the mitochondrial pre- 


parations are probably mixtures of two kinds of 


One kind has a low water content, is 
phosphate and almost 


particle. 
rich in potassium and 
to 
potassium chloride. The other kind has a high 


impermeable sucrose, sodium chloride and 
water content and is rather permeable to these 
solutes. 

10. Evidence from electron microscopy suggests 
that the former particles are relatively undamaged 
mitochondria, whereas the latter have developed 


a vesicular appearance. 


We wish to thank Professor H. A. Krebs, F.R.S., for his 
interest in this work. We are indebted to Dr W. C. Werk- 
heiser for many helpful discussions. We are very grateful 
to Miss B. M. Notton for technical assistance. The work was 
done during the the tenure of a Christopher Welch Scholar- 
ship by one of us (J. E. A.), who also thanks the Ministry of 
Education for a personal grant. The work was aided by a 
grant from the Rockefeller Foundation. 


REFERENCES 
Amoore, J. E., Parsons, D. 8S. & Werkheiser, W. C. (1958). 


Biochem. J. 69, 236. 
Bartley, W. (1953). Biochem. J. 54, 677. 


EK. AMOORE AND W. BARTLEY 


1958 
Bartley, W. & Amoore, J. E. (1958). Biochem. J. (in the 
Press). 
Bartley, W. & Davies, R. E. (i954). Biochem. J. 51, 
37. 


Berenblum, I. & Chain, E. (1938). Biochem. J. 32, 295. 

Hanes, C. 8. & Isherwood, F. A. (1949). Nature, Lond., 164, 
1107. 

Jackson, K. L. & Pace, N. (1956). J. gen. Physiol. 40, 47, 

Kulka, R. G. (1956). Biochem. J. 63, 542. 
Macfarlane, M. G. & Spencer, A. G. (1953). Biochem. J, 
54, 569. 
Mann, C. K. 
202. 

Mudge, G. H. (1955). In Electrolytes in Biological Systems, 
p. 112. Ed. by Shanes, A. M. Washington, D.C.: 
American Physiological Society. 

Novikoff, A. B. (1957). Symp. Soc. exp. Biol. 10, 92. 

Novikoff, A. B., Podber, E., Ryan, J. & Noe, E. (1953). 
J. Histochem. Cytochem. 1, 27. 

Price, C. A., Fonnesu, A. & Davies, R. E. (1956). Biochem... 
64, 754. 

Sanderson, P. H. (1952). Biochem. J. 52, 502. 

Spector, W. G. (1953). Proc. Roy. Soc. B, 141, 268. 

Stanbury, 8S. W. & Mudge, G. H. (1953). Proc. Soc. exp. 
Biol., N.Y., 82, 675. 

Tedeschi, H. & Harris, D. L. 
Biophys. 58, 52. 

Veall, N. (1948). Brit. J. Radiol., N.S. 21, 347. 

Werkheiser, W. C. & Bartley, W. (1957). Biochem. J. 66, 
79. 

Witter, R. F., Watson, M. L. & Cottone, M. A. (1955). 
J. biophys. biochem. Cytol. 1, 127. 


& Yoe, J. H. (1956). Analyt. Chem. 28, 


(1955). Arch. Biochem. 
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A Lithium Internal-Standard Flame Photometer 
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Berry, Chappell & Barnes (1946) showed that, in 
estimating sodium and potassium by flame photo- 
metry, there were definite improvements in pre- 
cision and accuracy when lithium was added to the 
samples as an internal standard (compare Spencer, 
1950; Bernstein, 1952). In this Appendix a simple 
coal-gas/air flame photometer is described which 
may be used either as a direct-reading instrument 
or with lithium internal standard. 

The internal-standard flame photometer is a 
modification by two of us (J.E.A. and W.C.W.) of 
a direct-reading flame photometer, which was 
developed by one of us (D.S.P.) from the apparatus 
described by Leyton (1951). A commercial single- 


* Present address: Roswell Park Memorial Institute, 
Buffalo, N.Y., U.S.A. 


cell direct-reading flame photometer based on the 
design of D.S.P. is available from A. Gallenkamp 
and Co., London, E.C. 2. This Appendix is limited 
to those essential particulars in which the internal- 
standard flame photometer differs from the Gallen- 
kamp instrument. 


EXPERIMENTAL 


Description of the flame photometer 


The stainless-steel concentric atomizer is fitted with a 
capillary tube of smaller bore (0-33 mm.) than is used in the 
Gallenkamp instrument, so that the rate of sample con- 
sumption is only 0-9-1-1 ml./min. with 9 lb./in.? air pressure. 
The aspiration rate may be decreased by fitting a finer 
hypodermic needle to the atomizer. The spray chamber and 
burner (Fig. 1) are quite different from those used by 
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Gallenkamp. The chimney is lowered, by means of a loop of 
wire attached to its top, down the metal flue after lighting 
the burner. It stabilizes the flame and prevents condensa- 
tion on the filters. The coal-gas pressure (about 1 in. water) 
is adjusted to yield an inner cone about 2 cm. high while 
spraying water. 

The flame chamber is water-cooled, which allows con- 
tinuous running. It has three ports (in addition to the 
inspection port) at right angles to the flame axis, to 
accommodate separate filter and photocell assemblies for 
detecting lithium, sodium and potassium radiation of 671, 





Fig. 1. Atomizer, spray chamber and burner assembly of 


flame photometer. The adjustable atomizer a is fitted 
into the Pyrex-glass spray chamber b at the standard 
taper joint c and held by two springs (not shown). The 
air inlet is d, the gas inlet e, and the sample is aspirated 
through a hypodermic needle (not shown) fitted on the 
taper f. The drain tube g leads to a water trap. The spray 
chamber is supported in the base plate h of the flame 
chamber by the aluminium collar i containing asbestos 
packing j. A stainless-steel collar & holds the disk of 
20 mesh/in. nickel gauze / in place. The Pyrex-glass 
chimney m is supported on three distance-pieces n so as 
to leave an annular air-gap 1 mm. wide, 5 mm. below the 
base of the flame. Guides o assist in locating the chimney 
correctly when it is lowered down the brass flue p. 
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589 and 766 my respectively. Interference filters (2 in. in 
diameter) are used (Barr and Stroud, Ltd., Glasgow, W. 3), 
with Chance ON 20 heat filters to protect them from the 
flame. The filters are placed directly in front of the barrier- 
layer photocells (37 mm. in diameter), which are mounted 
9cm. from the flame. The 766 my filter is used with an 
infrared-sensitive photocell (Megatron Ltd., London, N. 4). 
The 589 and 671 my filters are used with EEL photocells 
(Evans Electroselenium Ltd., Harlow, Essex), whose low 
sensitivity at 766 my is advantageous, on account of the 
slight residual transmission (0-3-0-5 %) of the filters at this 
wavelength. 

The circuit diagram is shown in Fig. 2. The galvanometer 
is type V.S. 6.45 (H. Tinsley and Co., London, S.E. 25). 
At maximum sensitivity (direct reading) a full-scale 
deflexion of the galvanometer (0-lya) is obtained by 
spraying 0-08 mm-sodium, or 0-06 mM-potassium, or 3 mm- 
lithium salts. 


Operation of the flame photometer 


Standard solutions containing lithium sulphate equiva- 
lent to 5-0 mm-lithium and sodium chloride and potassium 
chloride (in equal concentrations) in the range 0-2-0 mm 
were prepared. Calibration curves were prepared in three 
concentration ranges: 0-0-2 mm, 0-0-6 mm and 0-2-0 mM. 
The sensitivity of the instrument is set by spraying the 
highest standard of the chosen range, switching S2 to 
‘standardize’, and (switching S1 to positions 4 and 5 as 
appropriate) adjusting the sodium and potassium potentio- 
meters so that the galvanometer is not deflected. $2 is then 
switched to ‘unknown’, solutions containing lower con- 
centrations of sodium and potassium are sprayed, and the 
settings of the lithium potentiometer which are required to 
balance the galvanometer are recorded. The shapes of the 
calibration curves are stable indefinitely, but it is necessary 
to reset the sensitivity of the instrument as above, at the 
start and at intervals of 5-10 min. during operation. No 
interference was detected between sodium and potassium 
in the concentration range 0-2-0 mm. 

The samples to be analysed were diluted with inclusion 
of 0-1 vol. of 0-025M-Li,SO,,H,O, so that the final concen- 
tration of Li* ions was 5-0 mm, and of Na* and K* in the 
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Fig. 2. Circuit diagram of lithium internal-standard flame 
photometer. The potentiometers (Reliance) are three- 
quarter-turn wire-wound, and are fitted with pointers 
and dials divided into 100 divisions. Switch S1/A, B: 
position 1, lithium; 2, sodium; 3, potassium, by direct 
reading; position 4, sodium; 5, potassium, by lithium 
internal Switch S2: §, standardize; U, 
unknown. 


standard. 
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range 0-02-2-0mmM. Widely differing concentrations of 
sodium and potassium (up to 50:1 or 1:50) were estimated 
in a single dilution, and in one spraying, less than 2 ml. of 
the diluted sample being consumed. 


DISCUSSION 


The mutual interference between sodium and 
potassium observed in the acetylene/air flame 
(Domingo & Klyne, 1949; Leyton, 1951; Smit, 
Alkemade & Verschure, 1951; Baker, 1955) is 
avoided by the use of the cooler illuminating-gas/ 
air flame (Alkemade, Smit & Verschure, 1952), 
which simplifies the determinations. The internal- 
standard procedure is preferred to direct reading, 
because the instrumental stability and the pre- 
cision of a single reading are greater (Berry et al. 
1946; Spencer, 1950; Bernstein, 1952; Baker, 
1955), which makes multiple sprayings of the 
same sample unnecessary. The reading is un- 
altered by + 25% variation in spraying rate, which 
was in practice the most difficult variable to control 
in direct reading 1951). The lithium 
internal standard has been reported to compensate 


(Leyton, 


for interferences by many substances (Berry et al. 
1946; Spencer, 1950; Bernstein, 1952); this has 
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been verified for the components of our own 
samples. 


SUMMARY 


1. The design and operation of a simple lithium 
internal-standard flame photometer are described. 


We are very grateful to Mr J. T. Cox for building the 
apparatus and for devising the atomizer, to Mr H. Vincent 
for evolving the spray chamber, and to Mr A. Renshaw and 
Mr D. Sproat for assistance. We also thank Dr A. Leaf, 
Mr M. P. Esnouf and Mr D. Exley for advice and help. 
One of us (W.C.W.) is a Research Fellow of the National 
Cancer Institute, U.S. Public Health Service. 


REFERENCES 


Alkemade, C. T. J., Smit, J. & Verschure, J. C. M. (1952). 
Biochim. biophys. Acta, 8, 562. 

Baker, R. W. R. (1955). Biochem. J. 59, 566. 

Bernstein, R. E. (1952). Biochim. biophys. Acta, 9, 576. 

Berry, J. W., Chappell, D. G. & Barnes, R. B. (1946). 
Industr. Engng Chem. (Anal.), 18, 19. 

Domingo, W. R. & Klyne, W. (1949). Biochem. J. 45, 400. 

Leyton, L. (1951). Analyst, 76, 723. 

Smit, J., Alkemade, C. T. J. & Verschure, J. C. M. (1951). 
Biochim. biophys. Acta, 6, 508. 

Spencer, A. G. (1950). Lancet, 259, 623. 
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The synthesis of cholesterol from 3-hydroxy-3- 
methylpentano-5-lactone (mevalonic acid) was 
discovered by Tavormina, Gibbs & Huff (1956) and 
the high yield of labelled sterol from the pi-[2-“C}]- 
mevalonic acid incubated with liver preparations 
has been confirmed (Cornforth, Cornforth, Popjak 
& Gore, 1957, 1958). It was further shown (a) that 
mevalonic acid is also an effective precursor of 
squalene, (b) that all the carbon atoms of the acid 
maintain their individuality during biosynthesis, 
and (c) that five of its carbon atoms (C-2, C-3, 

* Part 5: Cornforth, Cornforth, Popjak & Gore (1958) 

+ Aspirant du Fonds National de la Recherche Scientifi- 
que, Belgium. 

t Participated in the early part of this work during 
tenure of a United States Public Health Service Special 
Research Fellowship, and while on leave of absence from 
the Los Alamos Scientific Laboratory of the University of 
California, Los Alamos, New Mexico. 


3-Me, C-4 and C-5) provide the isoprenoid units in 
the biosynthesis of squalene and hence of sterol 
(Cornforth et al. 1957, 1958). 

This paper deals with the identification of the 
various coenzymes required by liver-enzyme pre- 
parations for the synthesis of squalene and of sterol 
from mevalonic acid. A brief account of this work 
has already been given (Popjék, Gosselin & Gore, 
1958; Gould & Popjak, 1957). 


METHODS 


The following abbreviations will be used in addition to 
those noted in the text: diphosphopyridine nucleotide 
(DPN) and its reduced form (DPNH); triphosphopyridine 
nucleotide (TPN) and its reduced form (TPNH); adenosine 
triphosphate (ATP); coenzyme A (CoA or CoA-SH); 
cysteine (CySH); glutathione (GSH); p-chloromercuri- 
benzoate (PCMB). 
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Homogenates. These were prepared from the liver of 
young rats according to Bucher & McGarrahan (1956) in 
0-1m-potassium phosphate buffer, pH 7-4, containing 
0-03 M-nicotinamide and 0-004mM-MgCl,, or in 0-154m-KCl 
buffered (pH 7-6) with 0-01 M-2-amino-2-hydroxymethyl 
propane-1:3-diol hydrochloride (tris) and containing 
nicotinamide (0-03Mm) and MgCl, (0-004m). The phosphate 
buffer containing nicotinamide and MgCl, will be referred 
to as ‘standard buffer’ and the other one as ‘KCI tris 
buffer’. Details of our procedure of homogenizing were 
given previously (Cornforth et al. 1958). Cell debris and 
nuclei were removed by centrifuging for 15 min. at 700g; 
from the ‘homogenate’ thus obtained the mitochondria 
were sedimented at 10 000g for 25 min. The preparation 
from which the mitochondria were removed will be 
designated S,). The 8,) preparations were further fraction- 
ated by centrifugation in a Spinco Model L preparative 
high-speed centrifuge. When the turbid 8, fractions were 
centrifuged at a mean force of 104000g for lhr., the 
following layers were obtained: (1) a thin film of fat on the 
surface ; (2) a clear transparent pink supernatant of soluble 
proteins (Sj); (3) a gelatinous and loosely sedimented 
pinkish brown layer of particles (‘light’ microsomes); and 
(4) a crystal-clear transparent, straw-coloured and tightly 
packed pellet at the bottom of the centrifuge tube (‘heavy’ 
microsomes). There was not even a trace of other particles 
below this last layer, indicating that the mitochondria 
were completely removed at 10 000 g. The 8,9, supernatant 
was pipetted off, care being taken not to disturb the sedi- 
mented particles. The ‘light’ microsomal layer could be 
separated from the heavier one by the addition of 1 ml. of 
buffer and shaking of the centrifuge tubes; the lighter 
layer usually peeled off cleanly from the transparent 
heavier layer. Both the ‘light’ and ‘heavy’ microsomes 
were resuspended, by the use of a small glass homogenizer, 
in a volume of buffer equal to about one-quarter of the 
original volume of S8,). They were then sedimented again 
at 104 000 g for 40 min. The supernatants from this second 
centrifuging of the microsomes were discarded. The washed 
microsomes were diluted with standard buffer to a volume 
equal to one-tenth the volume of the §,, from which they 
were separated and were finely dispersed with the help of 
a homogenizer. Microsomes thus washed were used in the 
experiments. The suspension of ‘light’ microsomes when 
viewed in a Hartridge reversion spectroscope showed the 
characteristic absorption bands of cytochrome b, (Stritt- 
matter & Ball, 1954) which could also be demonstrated in 
dilute preparations with a Beckman recording spectro- 
photometer; no other cytochrome bands could be seen. 
Faint absorption bands of oxyhaemoglobin were detectabk 
in thick suspensions of ‘light’ microsomes after oxygen- 
ation. The ‘heavy’ microsomal layer contained no haem 
pigment, but proved to be very rich in glycogen. Unless 
they are otherwise specified we shall denote as microsomes 
the lighter fraction. Although the microsomes could be 
kept at. — 15° for a few days without serious loss of enzyme 
activity, their preservation at low temperature was un- 
certain, activity being lost from some preparations sooner 
than from others. Because of this uncertainty, microsomes 
were prepared on the day of each experiment. 

Preparation of soluble enzymes from S194. The S494 super- 
natant was brought to about 90% saturation by the addi- 
tion of 6-3 g. of solid ammonium sulphate to every 10 ml. of 
Sioy- The precipitated proteins were filtered off overnight; 
the protein sludge was ‘dried’ by pressing between layers of 
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filter paper and then scraped off. Active preparations 
could be made from this sludge even after several weeks of 
storage at —15° by dissolving 3 g. of sludge in 12 ml. of 
0-02mM-KHCO, and by dialysing the protein against 
0-02M-KHCO, solution for 2-3hr. A small amount of 
insoluble protein was centrifuged off at 10 000 g for 5 min. 
Such preparations usually contained 35-50 mg. of protein/ 
ml., as determined by the biuret reaction (Gornall, Barda- 
will & David, 1949). The protein content of 8,5, was usually 
25-28 mg./ml. 

Coenzymes. A crude coenzyme preparation was made by 
heating fresh S,), preparations in a boiling-water bath for 
5 min. and by filtering off the coagulated proteins by 
suction on a sintered-glass funnel. Such coenzyme prepara- 
tions will be denoted as ‘boiled extracts’; they varied 
somewhat in potency; they were generally deficient in 
pyridine nucleotides. 

The sources of purified coenzymes (DPN, DPNH, TPN, 
ATP, CoA) and of alcohol dehydrogenase were given in a 


previous communication (Hele, Popj4k & Lauryssens, 


1957). Cysteamine (f-mercaptoethylamine) was the 
generous gift of Horlicks Ltd. 
DL-[2-“C]Mevalonic acid. This was synthesized by 


Dr Rita H. Cornforth as described previously (Cornforth 
et al. 1957, 1958). Two batches were available, one with a 
specific activity of 0-048 nc/umole and another of 0-2 po/ 
pmole. 

Incubations. These were done in small conical flasks at 
37-38° in Warburg baths. During anaerobic incubations 
the flasks were flushed continuously with N,. When sterols 
were examined, 1 mg. of cholesterol in 1 ml. of ethanol was 
added to the flasks at the end of the incubation period. 
When the synthesis of squalene was studied 10 mg. of 
squalene was added to the flasks at the start or at the end 
of incubations. The enzyme mixtures were saponified at the 
end of incubation at about 70° for 1 hr. after addition of 
1 ml. of aq. 40% (w/v) KOH. The extraction of the non- 
saponifiable matter and separation of squalene and of 
sterol were done as described previously (Popjak, 1954). 
The sterols were precipitated as the digitonides without 
further characterization; usually 6-7 mg. of digitonides 
was obtained from each flask. 

As the cofactor requirements in squalene and sterol 
synthesis became better known, a fixed incubation mixture 
was devised; this consisted of dialysed soluble enzyme 
(S, 1 ml.)+suspension of washed microsomes (0-2 ml.) + 
DPNH (lymole)+TPN (0-5umole)+ATP (10 pumoles) 
with 0-1M-potassium phosphate buffer (pH 7-4), 0-03m- 
nicotinamide and 4mm-MgCl,. In several tables this 
mixture is referred to as the ‘standard incubation mixture’ 
to which additions were made as required; the final volume 
was 4 ml. 

Assays of “C. These were done on solid samples as 
described previously (Popjak, 1950). All counts were 
corrected to infinite thickness and compared with a 
poly[**C]methyl methacrylate standard of the same area 
(2 cm.?) as that of the samples. The standard had a specific 
activity of lwc/g. and gave 1250 counts/min. at infinite 
thickness. The yields of conversion of MVA into squalene 
and sterol were calculated from the specific activities and 
the amounts of these products isolated. In those experi- 
ments in which some of the yields were low, the results are 
given as the specific activity of the products rather than as 
pmoles of MVA utilized in order to avoid the use of very 
small decimal fractions. 
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RESULTS 


Components of homogenates required for synthesis 
of sterol from mevalonic acid 


As a preliminary step to the identification of the 


coenzymes involved in sterol synthesis we ex- 
amined the various fractions of homogenates, ob- 


activity by 
required for 
Since the 
only, we 


tained by centrifuging, for 
ascertaining what fractions 
synthesis of sterol from mevalonic acid. 
sterols were isolated as the digitonides 
-»annot say whether the enzyme systems used have 
formed cholesterol exclusively or some other 3f- 
hydroxy sterols, such as lanosterol, as well. For 
this reason we shall refer to the process studied as 
sterol synthesis. 

It has been reported previously (Cornforth et al. 
1957, 1958; Gould & Popjék, 1957) that mito- 
chondria are not required for sterol synthesis from 
mevalonic acid just as when acetate is used as 
precursor (Bucher & McGarrahan, 1956). We shall 


therefore confine our attention to preparations of 
centrifuged at 


enzyme 
were 


S,) (supernatant of homogenates 

10 a and fractions thereof. 
Table 1 shows that only the 8,, preparation or the 

light’ microsomes was 


The slight activity 


combination of 8,9, with ‘ 
effective in synthesizing sterol. 
that was observed when ‘heavy’ 
added to the 8,,, may probably be attributed to 
contamination “of the heavier particles with the 
lighter ones. In subsequent experiments the micro- 
somes referred to will always mean the lighter 
Although the 8 
form sterol, it could synthesize some 
squalene, but much less efficiently than the full 
system containing microsomes. The 8,9, prepara- 
tion (2-5 ml.) used for the experiment recorded in 
Table 1 converted 0-068 pmole of mevalonic acid 
into squalene. We think that this squalene-synthe- 
sizing system is provided by soluble enzymes alone, 
since experience has shown that even minute con- 
$103 With microsomes resulted in 
sterol formation. The standard amount of micro- 
some suspension (0-2 ml.) used in most of our 
experiments was chosen to correspond approxi- 
mately to the amount of microsomes present in 
2-0 ml. of 8,,, but even a quarter of this amount was 
sufficient for nearly maximal activity of the enzyme 
Table 2). 


microsomes were 


fraction alone. 


could not 


tamination of the 8 


system (cf. 


Coenzymes needed for synthesis of 
sterol from mevalonic acid 
The results shown in Table 2 illustrate that after 
precipitation of the soluble proteins from 8,9, with 
ammonium sulphate and after 
the enzymes in KHCO, solution and dialysis (see 
under Methods), the ability of the system to 
synthesize sterol was lost, but the full activity was 
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reconstitution of 
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regained on addition of the boiled protein-free 
extract of S,),and of DPN and ATP. Evidently the 
precipitation and dialysis removed coenzymes 
from the soluble enzyme fraction. From this 
experiment it could not be deduced whether the 
boiled extract contained all cofactors or not, since 
DPN and ATP were added to all flasks. Subsequent 
experiments were designed to determine the co- 
enzymes needed in sterol synthesis. 

It was commonly found that the fresh S,q, 
preparation combined with microsomes possessed 
maximal activity for sterol synthesis and _ that 
addition of known coenzymes such as DPN, TPN 
and ATP did not stimulate the synthetic activity; 
on the contrary they were often slightly inhibitory 


Table 1. Sterol synthesis from mevalonic acid by 
centrifugal fractions of liver homogenates 


Each flask contained: ATP, 
mole; [2-'4C]mevalonic acid, 
2-5 ml. of S15 or Sjo4. 
were used as indicated. The final volume (3-5 ml.) contained 
0-1m-potassium phosphate buffer, pH 7-6, nicotinamide 
(0-03m) and MgCl, (0-004m). Incubation was at 38° for 


2-5umoles; DPN, 0-5p- 
0-5pmole (0-024 0c), and 
Microsome suspensions (0-2—1-0 ml.) 


2 hr. 

Mevalonic acid 
converted 
into sterol 

Enzyme preparation used (umoles) 

Sto 0-182 
Sios 0-000 
ae + ‘light’ microsomes (0-2 ml.) 0-178 
Sios + ‘heavy’ microsomes (0-5 ml.) 0-018 
Syo4 + ‘light’ (0-2 ml.) and ‘heavy’ 0-207 

(0-5 ml.) ) microsomes 
* Light’ mic rosomes (1-0 ml.) 0-000 

‘Heavy’ microsomes (1-0 ml.) 0-000 
‘Light’ + ‘heavy’ microsomes 0-000 


(1 ml. of each) 


Table 2. Synthesis of sterol from mevalonic acid 


by fractions of liver homogenates 


There were added to each flask: ATP, 2-5 umoles; DPN, 
0-5 umole and [2-C]mevalonic acid, 0-5 umole; 2-5 ml. of 
Syo Or Sjo, and 1 ml. of the soluble dialysed enzyme (S) were 
used as indicated. The final volume (3-5 ml.) was made up 
with standard buffer. Conditions otherwise were as for 


Expts. of Table 1. 
Mevalonic acid 
converted 
into sterol 


Enzyme system used (moles) 
Sto 0-24 
Sio4* 0-00 
Sio1* + microsomes (0-05 ml.) 0-22 
Sioa* + microsomes (0-20 ml.) 0-24 
S1o,* + microsomes (0-50 ml.) 0-24 
St + microsomes (0-20 ml.) 0-00 
St +microsomes (0-20 ml.) + 0-23 


boiled extract (2-0 ml.) 


* 30-5 mg. protein/ml. + 45-0 mg. protein/ml. 
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Table 3. Synthesis of sterols from mevalonic acid 


by fractions of liver homogenates 


Each flask contained 2-5 ml. of 8,5, (24-5 mg. of protein/ 
ml.); suspension of washed microsomes (0-2 ml.) and 
[2-44C]mevalonic acid (0-5 pmole). The final volume (3-5 ml.) 
was made up with standard buffer. Additions were as 
shown. Incubation was at 38° for 2 hr. 

Mevalonic acid 
converted 
into sterol 


Additions (umole) 
None 0-215 
DPN (0-5 umole) 0-199 
ATP (5 moles) 0-180 
DPN + ATP 0-194 
0-181 


DPNH (0-5 pmole) + ATP 


Table 4. Synthesis of sterol from mevalonic acid 


by fractions of liver homogenate 


Each flask contained 2-0 ml. of S,,, (34-1 mg. of protein/ 
ml.); suspension of washed 0-2 ml. and 
[2-"C]mevalonic acid (0-5 umole; 0-1 wo of 4C). Additions 
were as shown. The final volume (4:0 ml.) was made up 
with standard buffer. Incubation was at 37° for 1 hr. 


microsomes 


Specific activity of 
sterol digitonides 
(counts/min. at 


Additions infinite thickness) 
None 188 
DPNH* (0-5 umole) 920 
DPNH* + TPNHf (0-5 umole) 3780 


* Kept reduced with alcohol dehydrogenase (0-6 mg.) + 
ethanol (5 wmoles). 

+t Reduced with glucose 6-phosphate (4 moles). 
contains glucose 6-phosphate dehydrogenase in amounts 
sufficient to reduce 0-5-1-0umole of TPN at 37° with 
glucose 6-phosphate within a few seconds. 


‘ 
Dr04 


(Table 3). 


this rule, as is shown by the experiment of Table 4 


However, there were a few exceptions to 


in which the enzyme preparation showed very poor 
activity without added DPNH and TPNH. This 
experiment demonstrated the requirement for 
both pyridine nucleotides, which could be shown 
more convincingly by employing the dialysed 
soluble enzyme (S) in combination with micro- 
As is shown in Tables 5 and 6 such an 
enzyme system did not synthesize sterol without 
addition of coenzymes, some of which had to be 
provided in the form of the boiled extract of S494. 
The experiment recorded in Table 5 clearly showed 
that in addition to the boiled extract DPNH 
rather than DPN was needed in sterol synthesis 
and that TPN could be substituted for DPN. 
However, further experiments showed that both 
pyridine nucleotides were required for maximal 
activity (Table 6), but we could not demonstrate 
oxidized 


somes. 


convincingly whether the reduced or 
form of triphosphopyridine nucleotide was pre- 
ferred by the system (see also under Discussion, 
Table 15). 

16 
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From these and many other experiments in 
which boiled extracts of So, were used to supply 
some of the coenzymes could not find out 
whether ATP was an essential factor or not. If 
ATP was needed the boiled extract must have 
contained it in sufficient amounts to promote the 
synthesis. That the boiled extract contained some 
essential component other than ATP became clear 
very soon, because it could not be replaced by a 
combination of DPN, TPN (or their reduced forms) 
and ATP or other purine and pyrimidine nucleo- 


we 


tides. That the essential factor contained in the 
boiled extract was not an inorganic ion, but some 
labile organic substance, was shown by the fact 
that the potency of the extracts deteriorated on 
storage for 2-3 weeks even at — 15°. Coenzyme A, 
when added in small amounts (0-25-0-5 umole) 
together with pyridine nucleotides and ATP, like- 
wise could not replace the boiled extract; diphos- 
phothiamine and lipoic acid were also ineffective in 
substituting for it. However, when cysteine was 
included in the test system, reactivation of sterol 
synthesis occurred without the addition of boiled 
extract. This is clearly shown by the experiment of 
Table 7, which in addition proved also the partici- 
pation of ATP in the reactions (cf. last line in 
Table 7); AMP or ADP could not substitute for 
ATP. In this particular experiment 2—2} times as 
much mevalonic acid was converted into sterol in 
the presence of ATP + CySH or ATP + CoA + CySH. 
as on addition of a boiled extract 3 weeks old. 
This extract had deteriorated much during the 
storage, as formerly it supported the synthesis to 
about the same degree as the combination of 
ATP+CoA+CySH. So far a complete dependence 
of sterol synthesis from mevalonic acid on CoA 
could not be demonstrated since CySH alone was 
nearly as effective as CySH+CoA. Nevertheless, 
the slight stimulation (15-25%) caused by CoA 
(cf. Table 7) has been repeatedly observed. If CoA 
is an essential factor it must be attached to some 
part of the enzyme system. 





Further demonstration of requirement 
for adenosine triphosphate 

The need for ATP was demonstrated further in 
another set of experiments. For technical reasons 
during preparation of intermediates formed from 
mevalonic acid in the liver-enzyme system 
(G. Popjak & A. de Waard, unpublished work) the 
presence of high concentration of inorganic phos- 
phate interfered with the procedures. For this 
reason attempts were made to prepare homogenates 
in KCl-tris buffer, as described under Methods. 
Surprisingly, the enzyme systems so prepared 
(Sjo, + microsomes) were completely inactive, in 
contrast with the preparations made in phosphate 
buffer. 
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Table 5. Need for pyridine nucleotides in 
synthesis of sterol from mevalonic acid 


Each flask contained soluble dialysed enzyme (S) (1 ml.; 
21-5 mg. of protein/ml.), suspension of washed microsomes 
(0-2 ml.) and [2-14C]mevalonic acid (0-5 mole). Additions 
were as shown. The final volume (3-5 ml.) was made up 
with standard buffer. Incubation was at 37° for 1 hr. 
‘Boiled extract’ is boiled protein-free extract of 8,4. 

Mevalonic acid 
converted 
into sterol 


Additions (umole) 
None 0-000 
Boiled extract (2-0 ml.) 0-005 
Boiled extract + DPN (0-5 umole) 0-055 
Boiled extract + DPNH (0-5 pmole) 0-119 
Boiled extract + ATP (5 umoles) 0-005 
Boiled extract +TPN (0-5 umole) 0-077 


Table 6. Need for pyridine nucleotides in 
synthesis of sterol from mevalonic acid 


The control flask (no. 1) contained fresh §,,, (2-5 ml., 
24mg. of protein/ml.) +0-2 ml. of microsomes + DPNH 
(0-5 umole). The experimental flasks (nos. 2-6) contained 
dialysed soluble enzyme (S), 1-0 ml. (40-5 mg. of protein/ 
ml.) +0-2 ml. of washed microsomes. Additions to experi- 
mental flasks were: boiled extract (2 m].); DPNH (0-5 ,- 
mole) reduced with alcohol dehydrogenase and ethanol; 
TPNH (0-5umole) reduced with glucose 6-phosphate 
(2umoles) and the specific dehydrogenase; ATP (2-5y- 
moles). All flasks contained 0-5 umole of [2-4C]mevalonic 
acid. The final volume was 3-5 ml. made up with standard 
buffer. Incubation was for 1 hr. at 37°. 

Mevalonic acid 
converted 
into sterol 


Additions (umole) 
1. Control 0-219 
2. Boiled extract 0-000 
3. Boiled extract + DPNH 0-097 
4. Boiled extract + TPNH 0-025 
5. Boiled extract + DPNH + TPNH 0-153 
6. DPNH+TPNH+ATP 0-005 


After several experiments, which need not be 
detailed, we established that the reason for this 
inactivation was the destruction of some of the 
coenzymes, but not of the enzymes, in the Sj 
fraction during the few hours that elapsed between 
homogenizing and completion of the centrifugal 
fractionations. ATP was among the first to be 
destroyed, as the experiment recorded in Table 8 
All indicates that the role of 
inorganic phosphate in securing active preparations 


shows. evidence 
of S94 is the inhibition of phosphatases. The experi- 
ment of Table 8 was carried out in two parts: 
(1) incubations were set up with 8,) within | hr. 
after making the homogenate; and (2) after a 


period of 2hr. of ‘ageing’ of the S,, at room 
temperature (i.e. 3 hr. after the homogenate was 
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made). Comparison of the first and second column 
of figures in Table 8 shows that during the ‘ageing’ 
almost all ATP must have been destroyed in the 
preparation. It is of interest that the addition of 
ATP to the fresh preparation was inhibiting. 
Cysteine combined with ATP was likewise in- 
hibiting in both preparations, whereas CoA showed 
a slight enhancing effect. 


Need for reducing agents for activation of 
synthesis of sterol 


Since CySH alone was nearly as effective as 
CySH plus CoA in activating the system consisting 
of the dialysed soluble enzymes + microsomes (ef. 


- 


Table 7. Coenzyme requirements in synthesis 


of sterol from mevalonic acid 


Each flask contained: soluble dialysed enzyme (S), 
1-0 ml. (40-1 mg. of protein/ml.); washed microsomes, 
0-2 ml.; [2-“C]mevalonic acid, 0-5umole. Additions, as 
shown, were: boiled extract, 2-0 ml.; DPNH and TPNH, 
0-5 umole (both reduced with specific dehydrogenase and 
substrate); CoA, 0-5ymole; ATP, 5ymoles; cysteine, 
30pmoles. The final volume (4 ml.) 
standard buffer. Incubations were for 1 hr. at 37°. 


was made up with 


Specific activity of 
sterol digitonides 
(counts/min. at 


Additions infinite thickness) 


Boiled extract 85 


Soiled extract + DPNH + TPNH 1200 
DPNH + TPNH + ATP 173 
DPNH+TPNH+ATP+CoA 123 
DPNH +'TPNH + ATP +CySH 2620 
DPNH + TPNH + ATP +CySH +CoA 3060* 
DPNH + TPNH + CySH + CoA 8 


* Equivalent to a conversion of 0-09 pmole of mevalonic 
acid into sterol. 


Table 8. Dependence of synthesis of sterol from 
mevalonic acid on adenosine triphosphate 


All flasks contained in a final volume of 3-5 ml. DPNH 
and TPNH, 0-5ymole each; [2-“C]mevalonic acid, 
0-5pmole (0-1 uc of 4C); 350umoles of potassium phos- 
phate, pH 7-6; and 2-5 ml. of fresh S,) or 2-5 ml. of Sy 
‘aged’ at room temp. for 2 hr. The 8,, was prepared from 
homogenate made in KCl-tris buffer (pH 7-6). Incubations 


were at 37° for 2 hr. . 
Experiment with 
8,9 fresh Syo aged 
Specific activity of 
sterol digitonides 
(counts/min. at 
Additions infinite thickness) 
None 4328* 22 
ATP (5 pmoles) 2865 3871 
ATP +CoA (0-5 umole) 3489 4165 
ATP +CySH (30 umoles) 2495 2212 


* Equivalent to a conversion of 0-118 umole of mevalonic 
acid into sterol. 
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Table 7), it was of interest to determine what other 
substances with properties simiiar to that of CySH 
might fulfil the same role. The results of experi- 
ments shown in Table 9 demonstrated that f- 
mercaptoethylamine (cysteamine), GSH and as- 
corbic acid (as the potassium salt) had effects 


Table 9. Effectiveness of reducing agents to activate 
synthesis of sterol in the absence of boiled extract of 


Sio4 


Each flask contained the standard incubation mixture 
(see under Methods) with 0-5umole of [2-'4C]mevalonic 
acid. Additions of CSH, GSH and ascorbate (30 moles 
each) and of CoA (0-5umole) were made as shown. When 
boiled extracts of 8,,, were used, the standard phosphate 
buffer of the standard incubation mixture was replaced by 
2-0 ml. of boiled extract. Incubations were at 37° for 1 hr. 
The three experiments recorded were done at different 
times with different enzymes. 

Mevalonic acid 
converted 
into sterol 


Expt. Additions (mpmoles) 
A None 0 
Boiled extract* 0 
GSH 44 
GSH +CoA 59 
CySH 42 
CySH +CoA 42 
Boiled extract* +GSH 55 
B Boiled extractt 57 
CoA (0-5 and 2 umoles) 0 
GSH +CoA 154 
CySH +CoA 91 
Cysteamine +CoA 47 
Boiled extract} + cysteamine 138 
C GSH 107 
Ascorbate 113 
GSH + ascorbate 98 


* Contained 0-5 umole of free SH/ml. 
+ Contained 3-5 zmoles of free SH/ml. 


Table 10. Effects of glutathione and gas phase on 
synthesis of squalene and sterol from [2-™C}- 
mevalonic acid 


Standard incubation mixtures with 0-5 pmole of [2-™“C]- 
mevalonic acid (0-1 uo of “C). Each flask contained 10 mg. 
of squalene from the start. Glutathione (GSH; 30 pmoles) 
was added as shown. In the anaerobic experiments the 
flasks were being flushed through continuously with N,. 


Total “C counts found in 


Sterol 


Addition Gas phase Squalene digitonides 
None Air 0 0 
GSH Air 5 130 15 771 
None N; 44 000 0 
GSH Nz 48 690* 1 288 


* Corresponds to a utilization of 0-19 pmole of mevalonic 
acid, 
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qualitatively similar to that of CySH; maximum 
activity of the enzyme system was observed in the 
presence of GSH or of ascorbic acid. The combina- 
tion of CoA with these reducing agents had either 
no effect or only a slight enhancing effect on sterol 
synthesis. 

In the activated enzyme system in the presence 
of air, both squalene and sterol are synthesized 


from [2-!4C]mevalonic acid, most of the ™“C 
appearing in sterol (cf. Table 10); under N,, 


however, only squalene is formed. The experiment 
recorded in Table 10 also shows that aerobically 
neither squalene nor sterol is synthesized if the 
reducing agent (e.g. GSH) is omitted from the 
incubation. On the other hand, squalene is formed 
anaerobically even if the reducing agent is not 
added. 

In order to decide whether the enzyme or co- 
enzyme protected by the reducing agents is in- 
volved in the reactions preceding the formation of 
squalene or in the cyclization of the latter to sterol, 
a set of experiments were carried out in which the 
enzyme system was incubated with all the co- 
factors (standard incubation mixture), but without 
a reducing agent, for 1 hr. under N,. During this 
time synthesis of squalene alone was expected to 
occur. Then the N, was replaced by air and the 
incubation continued for another hour (Table 11). 
When pyridine nucleotides were not added at the 
beginning of the aerobic period (second hr.) only 
a small amount of radioactive sterol appeared even 
if GSH had been added at that time. However, 
when the addition of DPNH and TPN was repeated 
on admission of air, an appreciable amount of the 
squalene synthesized during the anaerobic period 
was converted into sterol during the second hour 
even in the absence of glutathione or of ascorbic 
acid (Table 11, Expt. B). The synthesis of squalene 
and of sterol usually stops at the end of 1 hr. (ef. 
Table 11, Expt. A); it is our impression that this is 
due to the exhaustion of coenzymes, DPNH, TPN 
and of ATP. 

The conclusion 
recorded in Tables 10 and 11 is that glutathione or 
ascorbic acid protects from oxidation an enzyme or 


drawn from the experiments 


coenzyme involved in the reactions leading to the 
synthesis of squalene from mevalonic acid and not 
in the cyclization of squalene to sterol. We ex- 
amined further the cofactor requirements for the 
anaerobic formation of squalene. The experiment of 
Table 12 shows the absolute need for ATP and 
pyridine nucleotides; the small amount of squalene 
formed in the absence of added DPN or TPN may 
be accounted for by the presence of traces of these 
coenzymes in the enzyme preparation. Neither 
DPN nor TPN appeared specific for squalene 
synthesis, but maximal conversion of MVA into 
squalene occurred when both were present together. 


16-2 
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Table 11. Synthesis of squalene and of sterol from mevalonic acid 
in the absence of reducing agent 


Each flask contained the standard incubation mixture with 0-5 pmole of [2-C]mevalonic acid (0-1 wo 4C). Additions of 
GSH and of ascorbate (30umoles each), DPNH (lymole) and of TPN (0-5ymole) were made as shown. During the 
anaerobic period of incubations the flasks were flushed continuously with Ng. 


experiments A and B were done separately 


with different enzyme preparations, neither of which was particularly active. 


Gas phase and additions during 


Total “C (counts/min.) 
found in 


Sterol 


Ist hr. 2nd hr. 
Expt. - : Squalene digitonides 
A N, ; none Air; none 20 920* 231 
N, ; none T 23 550 0 
N, ; none ‘ N, ; none 22 310 0 
N, ; none Air; GSH 15 920 847 
Air; GSH Air; none 1 610 14 126 
B N, ; none Air; none 9 870 337 
N, ; none Air; DPNH+TPN 9 240 3 870 
N, ; none Air; DPNH + TPN + ascorbate 6 820 4 956 


* Corresponds to conversion of 0-08 zmole of mevalonic acid. 


Table 12. Need for adenosinetriphosphate and for 
pyridine nucleotides in synthesis of squalene from 
mevalonic acid 


Each flask contained dialysed soluble enzymes, 1 ml.; 
washed microsomes, 0-2 ml.; standard buffer, 2 ml. and 
[2-"C]mevalonic acid, 1 ymole (0-2 uc of 4C). Additions of 
DPNH (lymole), TPN (0-5 zmole) and of ATP (10 umoles) 
were made as shown. Final volume, 3-5 ml. 
incubations were at 37° for 1 hr. 


Anaerobic 


Specific activity 
of squalene 
(counts/min. at 


Additions infinite thickness) 
DPNH + TPN 0 
ATP 794 
ATP + DPNH 3315 
ATP +TPN 4458 
ATP +DPNH+TPN 6420* 


* Equivalent to conversion of 0-25 umole of mevalonic 
acid. 


Effect of SH-inhibitors on synthesis of squalene 
and of sterol from mevalonic acid 

As it seemed likely that the oxygen-sensitive 

enzyme system SH- 

compound, the effects of HgCl, and of p-chloro- 


substance in the was an 
mercuribenzoate (PCMB) on squalene synthesis 
It was found that both mer- 
curials in a concentration of 10-3m almost com- 


were investigated. 


pletely abolished the formation of squalene under 
anaerobic conditions. As might be expected, 
glutathione, when added to the incubation mixture 
after PCMB and before the introduction of the 
enzymes, partly counteracted the inhibition caused 
Ascorbate, on the 


PCMB 


by the mercurial compound. 
other hand, gave no protection against 
(Table 13). 


By the next set of experiments we have been 


t Incubation for 1 hr. only. 


able to show that the components of the system 
sensitive to PCMB were present mainly in the 


microsomes. For this purpose 0-2ml. of the 


microsomal suspension was added to 2ml. of 


standard buffer containing 4 zmoles of PCMB;; the 
mixture was left for 3 min. packed in ice. There- 
after 30 uymoles of GSH were added, followed after 
lmin. by DPNH, TPN, ATP, 1 ml. of soluble 
enzyme and [2-4C]mevalonic acid; the mixture 
was then incubated aerobically for 1 hr. The forma- 
tion of sterol in this system was compared with 
that in another system in which the soluble enzyme 
(lml. in 2ml. of buffer) was pretreated with 
4 umoles of PCMB for 3 min. at 0°; the addition of 
ISH. (30 pmoles), DPNH, TPN, ATP, microsomes 
(0-2 ml.) and of [2-!4C]mevalonic acid, in that 
order, completed the system. A control, without 
PCMB, containing the standard incubation mixture 
with 30ymoles of GSH was included. All three 
incubations were set up in duplicates which in 
addition to GSH contained also 0-5 wmole of CoA. 
In order to avoid the possibility of sampling errors, 
the pretreatment of microsomes and of the soluble 
enzyme with PCMB was made on a scale large 
enough to pipette accurately the same enzyme 
preparation into the duplicate flasks; so that any 
effect of CoA would not be masked by slight in- 
accuracies of pipetting of the enzymes and of 
PCMB. 

As shown in Table 14 there was nearly complete 
failure of sterol synthesis in the system containing 
the microsomes pretreated with PCMB. In the 
system containing the pretreated soluble enzyme 
only 50% inhibition was observed. CoA, in both 
the control system and in the one containing the 
pretreated enzyme, 20% 
stimulation; with the pretreated microsomes CoA 


soluble caused about 


did not increase sterol synthesis. 
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Optimum conditions for synthesis of 
sterol from mevalonic acid 
The effect of pH on synthesis of sterol was 
studied in the pH range 6-5—8-3. This range was 
covered by potassium phosphate buffer (6-5—7-6) 
and tris buffers (7-6—-8-3). It was ascertained in 
separate experiments, not recorded here, that tris 
buffer had no effect other than that attributable to 


Table 13. Effect of SH-inhibitors on 
synthesis of squalene 


Standard incubation mixtures with 0-5 wmole of [2-14C}- 
mevalonic acid (0-1 uo of #C). Additions of HgCl, and of 
p-chloromercuribenzoate (PCMB) were made as indicated. 
At the end of incubation (1 hr. under N, and 37°) 10 mg. of 
carrier squalene was added to each flask. Experiments A 
and B were done with two different enzyme preparations. 


Specific activity 
of squalene 
(counts/min. 

at infinite 


Expt. thickness/2 cm.?) 
A None; control 9014 
HgCl, (4 moles; mm) 14 
PCMB (4 pmoles) 22 
PCMB (20 pwmoles) 13 
*PCMB (20 umoles) + GSH 700 
(30 wmoles) 
Control + GSH (30 wmoles) 2642 
B- None; control 5625 
*PCMB (20 pmoles) + ascorbate 0 


(30 umoles) 


* The PCMB and glutathione (GSH) or ascorbate were 
added to the incubation mixture before the introduction of 
soluble enzyme fraction or microsomes. 


Table 14. Effect of SH-inhibitors on synthesis of 
sterol and localization of inhibited substance in the 
microsomes 


The control flasks (la and 16) contained standard incu- 
bation mixture with 0-5yumole of [2-C]mevalonic acid 
(0-1 uc of #4C) and 30umoles of GSH. In flasks 2a and 2b 
the soluble enzyme, and in flasks 3a and 36 the microsomes, 
were pretreated with 4moles of PCMB; otherwise all the 
components were the same as in the control. CoA (0-5 ,- 
mole) was added as shown. The final volume was 4 ml. in 
all flasks. For details of experiment see text. Incubations 
were at 37° for 1 hr.; gas phase: air. 

Specific activity of 
sterol digitonides 
(counts/min. at 


Experimental conditions infinite thickness) 


la. Control 3430 

1b. Control +CoA 4611 

2a. Soluble enzyme pretreated with 1859 
PCMB 

2b. Same as 2a+CoA 2286 

3a. Microsomes pretreated with 217 
PCMB 

3b. Same as 3a+CoA 49 
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pH. The soluble enzyme and microsomes for these 
experiments were prepared in the usual way; the 
desired pH was obtained by combining 1 ml. of the 
dialysed soluble enzyme and 0-2 ml. of the micro- 
somal .suspension with either 2ml. of 0-1m- 
potassium phosphate buffers (pH values 6-8) or 
2 ml. of 0-154mM-KCl-tris buffers (pH values 7-6— 
9-5). Nicotinamide (0-03m) and MgCl, (0-004m) 
were added to both types of buffers. When buffers 
with a pH lower than 7-0 were used, the final pH 
(measured with a glass electrode) was higher than 
that of the buffer added; with buffers which had a 
pH higher than 7-6, the final pH of the incubation 
mixture was lower than that of the buffer added. 
Fig. la shows that the optimum pH for sterol 
synthesis lies in the range 7-3—7-5, the utilization 
of mevalonic acid falling off sharply both on the 
acid and alkaline side of this range. 

The dependence of sterol 
amounts of ascorbate, ATP, and mevalonic acid 


synthesis on the 


are shown in Fig. 1b-d. The amount of mevalonic 
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Fig. 1. Determination of optimum conditions for syn- 
thesis of sterol from mevalonic acid: (a) dependence of 
synthesis on pH of medium; standard incubation 
mixtures were used (with the exception of buffer, for 
which see text) with 30 moles of ascorbate and 0-5 p- 
mole of mevalonic acid; (6), (c) and (d) effects of in- 

ATP and of 

mevalonic acid respectively on synthesis of sterol. In all 


creasing concentrations of ascorbate, 


these experiments the conditions of standard incubations 
were used except for the concentration of one component 
that was being varied. 
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acid converted into sterol increased almost linearly 
as the amount of the acid added was increased from 
0-25 to lymole; a saturation value was not 
reached even with 2 umoles of the acid. 

The concentration of pyridine nucleotides in the 
incubation mixture was in no way critical; for 
example, when the amount of DPNH added to a 
standard incubation mixture, containing 30 »moles 
of ascorbate and 0-5 zmole of TPN, was increased 
from 0-25 to 0-5, 1-0 and 2 umoles, the percentage 
conversion of mevalonic acid into sterol increased 
from 34-3 to 35-8, 36-3 and 37-9 % respectively. 

The presence of nicotinamide was essential in the 
incubation mixture; in its absence both DPN and 
TPN were rapidly destroyed and very little sterol 
was synthesized. This destruction is almost entirely 
attributable to the action of microsomes, which 
(0-2 ml. in 3 ml. of buffer) in the absence of nicotin- 
amide can inactivate micromole quantities of 
DPN and TPN within a few minutes even at room 
temperature, as determined in the spectrophoto- 
meter with the aid of specific dehydrogenases. 

On the basis of these experiments the following 
incubation mixture in a final volume of 4 ml. was 
established as nearly optimum for sterol synthesis 
with the crude enzyme preparations: DPNH 
1 umole, TPN 0-5ymole, ATP 10 umoles, GSH or 
potassium ascorbate 30,moles, soluble enzymes 
30-50 mg. (in 1 ml. of 0-02 mM-KHCO,), suspension of 
washed microsomes 0-2 ml., [2-!4C]mevalonic acid 
0-5 umole (restricted for sake of economy), nico- 
tinamide 120 umoles, MgCl, 16 wmoles, and potas- 
sium phosphate buffer 400 moles, final pH 7-4; 
gas phase, air. If the synthesis of squalene alone is 
desired the incubations should be done in the 
absence of oxygen; GSH or ascorbate is then not an 
essential component of the system, although the 
presence of either improves slightly the yield of 
squalene, even anaerobically. 


DISCUSSION 


The enzyme system investigated, which uses 
mevalonic acid as substrate for sterol synthesis, 
may be divided into two parts: the squalene- 
synthesizing system and the part effecting the 
cyclization of squalene to sterol; it contains the 
same components of the liver cell as were found by 
Bucher & McGarrahan (1956) to be necessary for 
sterol synthesis from acetate. Although the syn- 
thesis of squalene from mevalonic acid was ob- 
served with the soluble (8, ,;) preparations alone, 
incubation mixtures containing both microsomes 
and soluble enzymes were more efficient in this 
respect, provided that oxygen was excluded from 
the incubations, for aerobically the main product 
of synthesis from mevalonic acid was sterol.” We 
have never observed the formation of sterol in the 


G. POPJAK, L. GOSSELIN, I. Y. GORE AND R. G. GOULD 


1958 


absence of microsomes, neither did we succeed in 
getting the microsomal enzymes into solution by 
repeated freezing and thawing or by lysis with 
water; acetone-dried powders of microsomes made 
with acetone chilled to — 26° failed also to give an 
active preparation catalysing the formation of 
sterol from mevalonic acid in the presence of fresh 
Sios Enzymes. 

The squalene-synthesizing component of the 
liver-enzyme system is similar in respect of its 
coenzyme requirements to the squalene-synthesiz- 
ing system prepared by Amdur, Rilling & Bloch 
(1957) from baker’s yeast in that it requires both 
pyridine nucleotides and ATP for the synthesis of 
squalene from mevalonic acid, but it differs from 
the yeast enzymes by a component which is 
extremely sensitive to oxidation and which accord- 
ing to the experimental evidence is an SH-com- 
pound and is present in the microsomes. This SH- 
compound can be well protected and kept in the 
form by reducing substances such as 
cysteine, cysteamine, glutathione and ascorbic 
acid; it is involved in the reactions preceding the 
formation of squalene. The evidence for the latter 
conclusion came from several observations: (a) 
cyclization of squalene to sterol occurred in the 
presence of oxygen and in the absence of a reducing 
agent (Table 11); (b) squalene was not formed under 
aerobic conditions unless a reducing agent was 
present (Table 10); (c) the anaerobic synthesis of 
squalene, which did not require a reducing sub- 
stance, was completely inhibited by mm-HgCl, or 
p-chloromercuribenzoate (Table 13). This SH- 
compound might be an SH-enzyme or a coenzyme. 
Clear-cut evidence for the participation of CoA 
could not so far be obtained, but, as indicated in 
several experiments, the addition of 0-5 umole of 
CoA to the incubation mixtures had a slight (15- 
25%) enhancing effect on sterol or squalene syn- 
thesis. That effects greater than this were not 
observed need not argue against the participation 
of CoA-SH, since most of the enzyme preparations 
used in the course of this investigation exhibited 
high activity. It may be relevant that an SH- 
compound, whose identity has not yet been 
established, can be extracted with hot water from 
the microsomes. This aqueous extract of micro- 
somes absorbed ultraviolet light between 240 and 
270 mp with a maximum at 260, and shoulders at 
267, 255 and in one instance at 250 mp. Assuming 
that all the absorption at 260my was due to 
adenine (ce, 1-58x 104), then the molar ratio of 
adenine to free —SH in the extracts was about 
10:1. By assaying the free -SH content of the 
extracts against a solution of cysteine we calcu- 
lated that the standard amount of microsomes used 
in the incubations would contain 0-2—0-25 pmole of 
this SH-compound assuming one SH-group per 
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molecule. The experimental evidence available 
suggests, but does not prove the participation of 
CoA. 

The need for ATP may be explained by an 
activation reaction of mevalonic acid, or of another 
substance derived from it, with CoA-SH or by the 
formation of a phosphorylated intermediate; the 
latter has been suggested by Amdur et al. (1957) to 
occur in the yeast-enzyme preparation synthesizing 
squalene. 

It is difficult to obtain clear-cut evidence in a 
crude multi-enzyme system, such as the one used by 
us, as to the reactions in which the pyridine nucleo- 
tides participate. We have not been able to show 
so far in the spectrophotometer the oxidation or 
reduction of the reduced or oxidized forms of DPN 
or TPN in the course of squalene or sterol synthesis 
from mevalonic acid. We found that DPNH rather 
than DPN was required (cf. Table 5), but it was 
more difficult to obtain evidence showing whether 
TPN or TPNH (or both forms) were preferred by 
the system. This difficulty arose because even in the 
absence of an added specific substrate, such as 
glucose 6-phosphate, TPNH was always formed 
from TPN in our enzyme system in the presence of 
ATP. It is probable that glycolytic enzymes are 
present in the preparations and small amounts of 
glycogen are inevitably introduced with the micro- 
somes; thus glucose 6-phosphate may be formed 
and act as substrate for glucose 6-phosphate de- 
hydrogenase, which is the soluble 
enzyme fraction in substantial amounts. The 
experiment recorded in Table 15 suggests that 
probably optimum conditions prevail when both 
TPN and TPNH are present in the system. In this 
set of experiments we made use of the powerful 
TPNH-specific glutathione reductase (Mapson & 
Goddard, 1951) found in the dialysed soluble 
enzyme, to keep TPN in the oxidized form. As the 
data show, the specific activity of the digitonides 
was the lowest in the incubation containing 


present in 


Table 15. Effect of keeping triphosphopyridine 
nucleotide in owidized form on synthesis of sterol 
from mevalonic acid 


Standard incubation mixtures with 0-5 umole of [2-C]- 
mevalonic acid (0-1 wo of 14C) plus 30 umoles of potassium 
ascorbate in each flask. Additions were as shown. Aerobic 
incubation was for 1 hr. at 37°. GSSG represents oxidized 
glutathione. 

Specific activity 
of digitonides 


Additions (counts/min. at 
(umoles) infinite thickness) 
None 3209 
Glucose 6-phosphate (1-0) 3160 
Glucose 6-phosphate (1-0) +GSSG (4-0) 2646 
GSSG (4-0) 2130 
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oxidized glutathione and no added glucose 6- 
phosphate. 

Both DPN and TPN are required not only in the 
synthesis of squalene from mevalonic acid but also 
in the conversion of squalene into sterol; in experi- 
ments of the same design as that shown in Table 11 
(Expt. B) the conversion of squalene, formed during 
an anaerobic period, into sterol after admission of 
air was much poorer when only DPNH or TPN was 
added than on introduction of both coenzymes. 
This observation is in general agreement with the 
finding of Tchen & Bloch (1957), who studied the 
cyclization of squalene in liver preparations, 
although these authors reported that they had the 
impression from their experiments that a TPNH- 
generating system was more efficient than DPNH 
in promoting the cyclization of squalene. 


SUMMARY 


1. The biosynthesis of squalene and of sterol 
2-4C]mevalonic acid (3-hydroxy-3-methyl- 
[2-!4C]pentano-5-lactone) has been studied in liver- 
enzyme preparations consisting of the 
protein fraction (S,9,) of homogenates and of 
microsomes. 

2. Most of the coenzymes needed in sterol and 
squalene synthesis can be removed from the 8,9, by 
precipitation of the proteins with ammonium 
sulphate, followed by reconstitution of the proteins 
in 0-02M-potassium hydrogen carbonate and by 
dialysis. 

3. It was shown that diphosphopyridine nucleo- 


from 


soluble 


tide, triphosphopyridine nucleotide and adenosine 
triphosphate are required for the synthesis of 
squalene and sterol from mevalonic acid. In 
addition, the SH-com- 
pound, highly sensitive to oxidation, and which is 
essential in the reactions preceding the formation of 
squalene. 

4. Under aerobic conditions the microsomal 
SH-compound must be protected by reducing 
agents such as glutathione or ascorbic acid, other- 
wise neither squalene nor sterol is formed. Under 
anaerobic conditions only squalene is synthesized 
and a reducing agent is not required. The squalene 
formed anaerobically (in the absence of glutathione 
or ascorbate) may be cyclized to sterol after ad- 
mission of air to the incubation flasks by repeated 
addition of diphosphopyridine and triphospho- 
pyridine nucleotides. 

5. The anaerobic synthesis of 
strongly inhibited by mm-mercuric chloride or 
p-chloromercuribenzoate. Glutathione, but not 
ascorbic acid, partially protects the synthesis 
against this inhibition. 

6. The evidence suggests, but does not prove, 
that the microsomal SH-compound is coenzyme A. 


microsomes contain an 


squalene is 
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The Nature of the Thyroid Auto-antibodies Present in Patients 
with Hashimoto’s Thyroiditis (Lymphadenoid Goitre) 


By I. M. ROITT, P. N. CAMPBELL ann DEBORAH DONIACH 
Courtauld Institute of Biochemistry and Institute for Clinical Research, The Middlesex 
Hospital Medical School, London, W. 1 


(Received 7 October 1957) 


The chronic disease of the thyroid known as 
Hashimoto’s thryoiditis is characterized by in- 
vasion of the gland with lymphoid tissue and 
plasma cells which gradually proliferate and 
replace the normal follicular structure, giving rise 
to thyroid deficiency in the patient. The serum of 
these patients contains abnormally raised concen- 
trations of y-globulins and these have been shown 
to reflect the presence of precipitating auto- 
antibodies against thyroglobulin, the specific 
protein (or proteins) in which the thyroid hormones 
are stored in the colloid of the thyroid follicles 
(Roitt, Doniach, Campbell & Hudson, 1956); 
(Doniach & Roitt, 1957). 

It may be postulated that the confinement of 
thyroglobulin in closed follicles prevents the 
establishment of immunological tolerance in early 
life so that any subsequent release of thyroglobulin 
might set up an auto-immunization process. This 
could be responsible for the gradual destruction of 
the gland by a self-perpetuating chain reaction in 
which further release of colloid from follicles 
damaged by interaction with antibody leads to 
enhancement of the immunity. The finding by 
Witebsky, Rose, Terplan, Paine & Egan (1957) 
that the formation of auto-antibodies against 
thyroid extracts could be induced in rabbits, dogs 
and guinea pigs and that this led to thyroiditis 


lends support to the hypothesis that a similar 
sequence of events occurs in the human in Hashi- 
moto’s disease. 

The level of antibody found in the sera of patients 
with Hashimoto’s thyroiditis affords an oppor- 
tunity to study the characteristics not only of an 
auto-antibody but also of a human precipitating 
antibody. 

A preliminary account of some aspects of this 
work has already appeared (Roitt, Doniach & 
Campbell, 1956). 


MATERIALS AND METHODS 


Radioactive compound. Algal protein hydrolysate con- 
taining a mixture of [4C]jamino acids (100 uc=2-5 mg.) 
was obtained from The Radiochemical Centre, Amersham, 
Bucks. 

Sera containing the auto-antibody. These were obtained 
from patients with lymphadenoid goitre, untreated or 
treated with thyroid hormones, but not subjected to 
surgery, since the antibody content of thyroidectomized 
patients is low. 

Rabbit antisera. Rabbits were immunized against human 
y-globulin (kindly given by Dr R. A. Kekwick) and against 
pooled Hashimoto sera by means of a Freund-type adjuvant 
(Freund & McDermott, 1942). The animals were injected 
subcutaneously at several sites with an emulsion of antigen- 
stock adjuvant mixture (1:3, v/v). The stock mixture was 
prepared by homogenizing 1 vol. of Arlacel A (Atlas 
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Powder Co.) with 3 vol. of Bayol F (Esso Standard Oil Co.) 
containing 2 mg. of heat-killed human tubercule bacilli/ml. 
Antisera against human thyroglobulin were obtained by 
intravenous injection of 50 mg. of the alum-precipitated 
protein (Proom, 1943) over a period of 3 weeks. 

Human thyroglobulin. This was purified by precipitation 
with (NH,),SO, from saline extracts of fresh thyroids 
removed at operation and of post-mortem material, by the 
method of Derrien, Michel & Roche (1948). The purified 
thyroglobulin was freeze-dried and stored over silica gel at 
- 20°. The protein was dissolved in 0-9% NaCl before use. 

Preparation of C-labelled human thyroglobulin. Three 
batches of approximately 2-5g. of thinly sliced fresh 
human thyrotoxic gland were incubated in 10 ml. of a 
bicarbonate medium (Peters & Anfinsen, 1950) containing 
10 uc of the “C-labelled algal protein hydrolysate at 37° for 
4hr. in an atmosphere of CO, +O, (5:95, v/v) with gentle 
shaking. The slices were removed by centrifuging and the 
thyroglobulin was precipitated from the supernatant with 
(NH,).SO, as in the method of Derrien et al. (1948). The 
final precipitate was washed with 41 % saturated (NH,),S0,, 
dialysed against running water overnight and against 
changes of distilled water for 3 days. After freeze-drying, 
17-2 mg. of [*4C]thyroglobulin was obtained. 

Zone electrophoresis. Electrophoresis of human sera was 
carried out in phosphate—borate buffer (pH 8-4), J 0-05, on 
treated cellulose columns according to the methods 
described by Flodin & Kupke (1956) and Porath (1956). 
The serum (1-0 ml.) was run for 40 hr. with a current of 
10 ma on a column of cellulose (45 cm. x 1-5 cm.). Paper 
electrophoresis with veronal buffer (pH 8-6), J 0-1 (Flynn & 
de Mayo, 1951), was used to identify the eluted fractions 
which were run side by side with whole serum. 

Immuno-electrophoresis. The method described by Grabar 
& Williams (1955) was used. The agar was stained when this 
was required by immersion for 12 hr. in a 0-1 % solution of 
azocarmin B in acetic acid-ethanol—water (10:50:40, by 
vol.); the agar was then washed with aq. 10% acetic acid 
until the background was colourless. 

Precipitation in agar gel. 'Yhis was carried out by the 
method of Ouchterlony and by a modified Oudin technique 
at 2° as previously described (Doniach & Roitt, 1957). 
Sodium azide (1%) was incorporated into the medium as a 
bactericide. The wells were not recharged. Except in Fig. 4 
the plates were photographed by the method described by 
Lawson (1957). 

Quantitative precipitation. The method of Heidelberger & 
Kendall (1935) was used: increasing amounts of thyro- 
globulin solution (2-0 mg./ml.) were added to a series of 
tubes containing 0-10 ml. of serum and the volumes made 
up to 1-0 ml. with 0-9 % NaCl. The mixtures were incubated 
at 37° for 30 min. and kept at 2° for 5 days. The specific 
precipitates were then centrifuged, washed twice with 2 ml. 
of ice-cold saline and finally dissolved in 2-0 ml. of 0-1m- 
Na,CO,. The protein content was estimated by the ab- 
sorption at 280 mp. 

Complement fixation. The micro-method described by 
Belyavin (1953) was used. The antigen was a saline extract 
of fresh thyrotoxic thyroid. 

Determination of radioactivity. The protein was dissolved 
in aq. 5N-NHsg, transferred to a 2 cm.? polythene disk and 
dried under an infrared lamp. The sample was counted at 
infinite thinness in a Geiger—Miiller counter with a mica 
end-window. Self-absorption was negligible up to 1 mg. 
of protein (cf. Campbell & Stone, 1957). 
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RESULTS 
Zone electrophoresis 


Figs. la and 1b show typical examples of the 


fractionation of serum proteins on cellulose 
columns in a normal subject (Fig. la) and a 
Hashimoto patient before treatment (Fig. 1b). 


Only the B- and y-globulin peaks are shown in 
Fig. 1, since under the conditions used for electro- 
phoresis the albumin and «-globulins migrated off 
the column. 
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Fig. 1. Zone electrophoresis of human serum proteins. 


Serum (1-0 ml.) was added to the column (45 cm. 
15cm.) packed with treated cellulose. A current of 
10 ma (450v) was applied for 42 hr. Borate phosphate 
buffer (see Materials and Methods) was used. The 
proteins of fraction A on paper electrophoresis moved 
with the mobility of B-globulin, and those of fraction B 
with the mobility of y-globulin. (a) Fractionation of a 
normal serum containing 67mg. of protein/ml.; (5) 
fractionation of a Hashimoto serum containing 80 mg. of 
protein/ml. 
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The £-globulins show a composite peak which is 
of comparable size and configuration in the normal 
and Hashimoto subjects. The y-globulin fraction, 
which is also partially resolved on these columns, is 
not qualitatively different in the two sera, but the 
Hashimoto patient has a greatly increased amount 
of There 
between the relative amounts of y-globulin found 
for different sera as determined by the area under 
the curve and the results previously obtained by 


y-globulin. was general agreement 


paper electrophoresis (Doniach & Hudson, 1957). 


Characterization of the antibody 


The fractions eluted from the column were 
tested for the presence of precipitating thyro- 
globulin antibodies and these were demonstrable 
only in the y-globulins of the pathological serum. 
Characterization of the antibody as a y-globulin 
was further confirmed by immuno-electrophoresis of 
the serum in agar. On termination of the run, and 
after a longitudinal portion of the strip had been 
removed for staining, a solution of thyroglobulin 
was placed in an adjacent parallel channel. The 
precipitation arc which appeared was confined 
to the region opposite the y-globulin fraction 
(Fig. 2) both for sera of the ‘rabbit precipitin’ 
and ‘flocculating’ types (see under Precipitation 
curves). 

After incubation with rabbit antibody to human 
y-globulin, a Hashimoto serum failed to give pre- 
cipitation with thyroglobulin in the Ouchterlony 
test, further confirming the identity of the auto- 


antibody protein as a y-globulin. 





Fig. 2. Immuno-electrophoresis of Hashimoto serum (R.S.) 
in agar. Serum (0-2 ml.) was incorporated with agar into 
the slit S in the buffered agar plate [veronal buffer 
(pH 8-2), J 0-05, in 1-35% (w/v) agar] and run for 
5 hr. with a current of 37 ma (205v). The position of the 
albumin, «,-, B-, and y-globulin fractions was revealed by 
staining a longitudinal strip of the agar. The plate was 
immersed in 0-067M-phosphate buffer (pH 7-2) for 


20 min. then human thyroglobulin (5 mg./ml. of 0-6% 
agar) was run into the channel Ch. and the plate left at 
2°. The precipitation arc appeared at the side of the 
y-globulin fraction. Tracing of photograph taken after 
10 days. The density of shading represents the degree of 
staining. 
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Immunological comparison of normal 
and Hashimoto sera 


Although electrophoresis failed to reveal any 
qualitative differences between normal and Hashi- 
moto sera, it was of interest to apply the more 
this 
injecting a 


techniques of immunology to 
question. Antibodies by 
with Hashimoto serum were completely 


sensitive 
produced 
rabbit 
absorbed with normal human serum; the absorbed 
rabbit antiserum showed no residual lines when 
react with a Hashimoto serum in an 
Ouchterlony plate, showing that the 
Hashimoto serum are constituents of 
Conversely, rabbit antiserum to 


made to 
antigens 
present in 
normal serum. 
normal purified human y-globulin gave identical 
precipitation patterns against the sera of Hashi- 
moto patients and normal subjects. Owen & 
McConahey (1956) have reported the presence of an 
iodinated the serum of 
Hashimoto patients, but the concentration of this 


abnormal protein in 
protein would appear to be too low for it to be 
detected by the methods described above. 


Nature of the antigen 


It has previously been shown (Doniach & Roitt, 
1957) that Hashimoto when tested 
against either purified thyroglobulin or crude saline 
extracts from pooled glands, give two distinct 
precipitation bands. It has now been found that as 
many as three lines may be visible in some in- 
stances (Pl. la), although multiple lines appearing 
after 2 weeks have been treated with 
Identical results were given by individual extracts 
made from eleven different thyroids, some of which 
were fresh thyrotoxic specimens and some normal 
post-mortem glands, suggesting that the number of 
lines depends on the immune response of the patient 
rather than on the composition of the antigen. 

A Hashimoto serum giving a well-defined double 
line was set up in serial dilution in Oudin tubes 
against constant amounts of thyroglobulin. The 
double line was visible in the tubes containing 
excess of antibody; with progressive dilution the 
system reached equivalent proportions, the pre- 
cipitation lines became more compact and the two 
lines merged together, only to become distinct 
again with further dilution of the serum. The two 
jines vary from one serum to another in their 
relative densities and in the characteristics of their 
upper and lower edges. 

It has been possible to demonstrate that these 
two lines represent two distinct antibody-antigen 
systems. Fig. 3 shows an Ouchterlony plate in 
which the antigen, thyroglobulin, was placed in the 
centre well, while the sera of four different Hashi- 
moto patients were put in the outer wells: two of 
them gave double lines, and these lines crossed 


some sera, 


reserve. 
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each other, suggesting non-identity of the antigens 
involved. 

The characterization of the antigen as thyro- 
globulin is based upon the following observations. 
As judged by the Ouchterlony test, the antigens 
present in crude thyroid extracts are also present 
in the ‘thyroglobulin’ preparation obtained from 
it by ammonium sulphate fractionation. This pre- 
paration migrates as one band when subjected to 
paper electrophoresis with a mobility lying between 
those of human «,- and «,-globulins (cf. Robbins, 
1954). Immuno-electrophoresis in agar shows that 
the antigens in the crude thyroid extract and in the 
thyroglobulin preparation have identical mobilities 
(Fig. 4). When a rabbit antiserum prepared against 
the thyroglobulin preparation and a Hashimoto 
serum known to give at least three lines when 
tested against thyroglobulin were set up in an 
Ouchterlony plate with thyroglobulin in the centre 
well, the precipitation lines formed merged com- 
pletely. This suggests that the same antigens were 
responsible for stimulating production of antibody 
in both the rabbit and man. 

The possibility that one of the antigens in the 
thyroglobulin preparation might have an appreci- 
ably different molecular weight from the others was 
investigated. In view of the demonstration by 
Korngold & Van Leeuwen (1957) that the curvature 
of a precipitation line in an Ouchterlony plate is 
concave towards the reactant of higher molecular 





Fig. 3. Ouchterlony plate in which human thyroglobulin 
(2 mg./ml. of 0-9% NaCl) in the centre well has reacted 
with sera from different patients with Hashimoto’s 
thyroiditis. The lines obtained with the sera H.S. and 
J.R. crossed, indicating the presence of two distinct 
antigen-antibody systems. Tracing of photograph taken 
after 22 days. 
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weight, thyroglobulin and a Hashimoto serum were 
allowed to react together under conditions which 
permitted a study of the curvature of lines (Pl. 1b). 
The curvature of the lines towards the antigen 
well accords with the known high molecular weight 
of thyroglobulin (650 000) to that of 
human y-globulin (170 000) and suggests further 
that at least two of the antigens present have com- 
parable molecular weights. In a similar experiment 


relative 


with a serum known to give three and possibly four 
lines in the Ouchterlony test (serum L.M.; ef. 
Pl. la), all the precipitation lines formed were 
concave towards the thyroglobulin well. 

These experiments suggest that the term ‘thyro- 
globulin’ covers a system of three or more closely 
related proteins; it may be recalled that similar 
by Roche, Michel, 

from ‘salting-out’ 


were reached 
Michel (1952) 


conclusions 
Deltour & 
studies. 


Precipitation curves 


Quantitative precipitation curves were estab- 
lished for Hashimoto sera against purified thyro- 
globulin. These fell into two distinct groups: some 
sera gave curves, exemplified by Fig. 5, which 


correspond to the type obtained with rabbit- 
precipitin systems in which the antigen is com- 


pletely precipitated in the region of antibody 





Fig. 4. Immuno-electrophoresis of human thyroid extract 
(S,) and of purified human thyroglobulin (S,) in agar. 
Conditions as described in Fig. 2, Hashimoto serum 
(W.A.) being placed in the channel Ch. The precipitation 
arcs show that the antigens present in the extract have 
the same mobility as those present in the thyroglobulin 
preparation and that these antigens move with the same 
mobility as the bulk of the protein constituting the pre- 
paration (shown to move between the a,- and a,- 
globulins on paper electrophoresis). Tracing of photo- 
graph taken after 10 days. The density of shading repre- 
sents the degree of staining. 
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excess, and other sera gave curves which resembled 
those usually associated with the horse flocculating 
systems, in that the antigen—antibody complex was 
soluble in the presence of excess of antibody. A 
typical example of the latter type is shown in Fig. 6. 
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Fig. 5. Amount of precipitate formed on addition of 
increasing weights of human thyroglobulin to 0-10 ml. of 
Hashimoto serum (R.S.). The washed precipitates were 
dissolved in 2-0 ml. of 0-1mM-Na,CO, and the protein 
content estimated by measurement of the extinction 
coefficient at 280 mp. 


0-45 


0-40 


a] 
w 
wn 


(280 mz) 


0-20 040 060 080 100 1:20 1-40 
Wt. of thyroglobulin added (mg.) 


Fig. 6. Amount of precipitate formed on addition of 


increasing weights of human thyroglobulin to 0-10 ml. of 
Hashimoto serum (W.A.). The precipitates were treated 


as described in Fig. 5. 
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Since these sera fixed complement very weakly or 
not at all when the purified thyroglobulin prepara- 
tion was used as antigen, no particular precautions 
were taken to allow for any effect of complement on 
the weight of the specific precipitates in these 
experiments. Ring tests on the supernatants 
obtained after spinning down the precipitates 
showed that all the antigen was precipitated at the 
maximum point of the curve in Fig. 5. The curve 
obtained with a serum which gave well-marked 
double lines in the gel tests showed a broad zone of 
maximum precipitation and this probably reflects 
the presence of the two precipitating systems 
mentioned above; tests on the supernatants showed 
that precipitation of antigen was incomplete in this 
zone. 

Sera of the ‘flocculation’ type gave precipita- 
tion narrow range of concentrations of 
antigen and when tested by the Oudin technique 
these sera tended to form compact precipitation 
Ring tests on the supernatants failed to 
detect incomplete precipitation of antigen at the 
point of maximum precipitation but the validity of 
this test for the demonstration of minute amounts of 
antigen using an antiserum of this type is question- 
able. It was therefore decided to investigate the 
problem using radioactive antigen which would 
also permit calculation of the antibody—antigen 
ratios in complexes obtained in the regions of 
excess of both antigen and antibody. 


over a 


bands. 


Radioactive thyroglobulin 


Although thyroglobulin labelled with ™I can 
readily be obtained from the thyroid gland of 
patients treated with ™I before thyroidectomy, it 
was felt that labelling with “C would be more con- 
venient in view of its much greater half-life. Since 
Peters & Anfinsen (1950) and Campbell & Stone 
(1957) have demonstrated the synthesis of labelled 
serum albumin on incubation of liver slices with 
radioactive amino acids, it was decided to apply 
similar methods to the synthesis of labelled 
thyroglobulin (see Methods section). Owing to the 
high radioactivity of the amino acids in the 
medium from which the thyroglobulin was isolated 
it was necessary to ensure that the radioactivity 
of the protein was due to the presence of amino 
acids in peptide linkage rather than to adsorption 
phenomena. Characterization of the protein as 
radioactive thyroglobulin was accomplished by the 
following procedures: (i) The protein moved on 
paper electrophoresis substantially as one band 
with the mobility of human thyroglobulin (i.e. 
between «,- and «,-globulin). A radicautograph 
of the stained electrophoretic strip showed most of 
the radioactivity to be coincident with this band. 
A small amount of radioactivity remained at the 
origin associated with denatured material, and a 
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faint radioactive band was seen having a mobility 
intermediate between those of serum f- and y- 
globulins. (ii) When the radioactive protein was 
mixed with Hashimoto serum under conditions 
such that the antibody and antigen were present in 
equivalent proportions, approximately 90% of the 
radioactivity was recovered in the precipitate. 
(iii) Inactive thyroglobulin was precipitated by 
ammonium sulphate from a solution containing the 
same amount of radioactive algal-protein hydro- 
lysate as was used in the slice experiments. After 
washing and exhaustive dialysis, the resulting 
protein had a specific activity of 2% of that of the 
biosynthetic preparation of radioactive thyro- 
globulin. (iv) When the radioactive protein was 
mixed with inactive thyroglobulin, reprecipitation 
with ammonium sulphate under conditions in which 
only part of the total protein was precipitated 
produced a reduction in counts proportional to the 
dilution factor. 


Quantitative precipitation reaction 
with [4C]thyroglobulin 
A quantitative curve was constructed based on 
the precipitation of radioactive thyroglobulin by « 
Hashimoto serum. The results are presented in 


a 


of protein precipated ( yg.) 





0 020 040 060 080 1:00 
Wt. of ['*C]thyroglobulin added (mg.) 


1:20 


Fig. 7. Precipitates formed on addition of increasing 


weights of human [*C]thyroglobulin to 0-06 ml. of 


Hashimoto serum (M.M.). @, Wt. of protein precipi- 
tated (ug.); O, wt. of antibody protein precipitated 
(ug.); , molar ratio of antibody:antigen in the pre- 
cipitate. 
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Fig. 7. From the radioactivity of the specific pre- 
cipitates, the antigen content could be calculated 
throughout the range studied, assuming that the 
specific activity of the precipitated antigen was the 
same as that of the thyroglobulin preparation used. 
By allowing for the different absorptions at 280 my 
of thyroglobulin and y-globulin, the antibody 
content of each precipitate could be calculated. At 
the point of maximum precipitation it was possible 
to account for 89% of the added radioactivity in 
the specific precipitate; the addition of Hashimoto 
serum to the supernatant, followed 24 hr. later by 
treatment with rabbit antiserum to human y- 
globulin to carry down any small amount of re- 
maining thyroglobulin, failed to precipitate more 
than a small fraction of the residual radioactivity, 
which suggests that substantially all the thyro- 
globulin had been precipitated at this point. The 
specific activity of the precipitate obtained by 
treatment of another portion of the supernatant 
with [4C]thyroglobulin and rabbit anti-human 
y-globulin showed the anti-thyroglobulin content 
of the supernatant to be negligible. Thus, at the 
point of maximal precipitation, no thyroglobulin or 
anti-thyroglobulin were demonstrable in the 
supernatant. 

The molar ratio of antibody to antigen in the 
specific precipitates was found to vary from 4:1 in 
the region of antibody excess to 2:1 at the point of 
maximum precipitation and throughout the range 
of antigen excess studied; similar ratios were 
obtained from the precipitation curve for the 
‘rabbit-precipitin’ type of serum shown in Fig. 6. 
These low ratios contrast with the much higher 
values obtained with heterologous thyroid-immune 
systems; Heidelberger (1938) found ratios of up 
to 40:1 for sera of rabbits hyperimmunized 
against hog thyroglobulin. A low ratio indicates 
a small number of combining sites on the 
antigen, and it may be that only restricted parts 
of the molecule provide antigenic stimuli during 
auto-immunization. 


Antibody content of Hashimoto sera 


From the data shown in Fig. 7, the serum M.M. 
was found to contain 5-2 mg. of antibody protein 
ml. At the point of maximum precipitation ob- 
tained with serum W.A. (Fig. 6), ring tests failed to 
demonstrate the presence of thyroglobulin in the 
supernatant, and in view of the results described 
above with [4C]thyroglobulin it seems reasonable 
to assume complete precipitation of antigen; on 
this basis an antibody content of 4-8 mg. of protein, 
ml. may be calculated for this serum. The serum 
R.S. (Fig. 5) had an antibody content of 4-7 mg./ 
ml. These sera were the most potent of those 


tested. 
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Cross-reactions of the human auto-antibody 
with other mammalian thyroid extracts 


By means of the Oudin technique, the Hashimoto 
antibody was found to cross-react with saline 
extracts of rhesus-monkey and chimpanzee thy- 
roids, though it failed to give precipitation when 
tested against similar extracts of thyroids from the 
rat, rabbit, sheep, beef, hog and horse. In contrast, 
Hektoen, Fox & Schulhof (1927) have shown that 
rabbit anti-human thyroid serum cross-reacted 
with a wide variety of mammalian thyroid extracts. 
There appeared to be considerable variation in the 
degree to which different Hashimoto sera cross- 
with the monkey antigen. Of seven 
patients tested, five cross-reacted strongly and two 


reacted 


gave only weak bands. ‘Double-line’ sera still 
showed two bands with monkey thyroid extract. 


Complement-fixation reactions 

Hashimoto sera containing precipitating anti- 
body either failed to fix complement or fixed 
complement very weakly when extracts of post- 
mortem normal thyroid gland or thyroglobulin 
purified from these extracts were used as the 
antigen. The Trotter, Belyavin & 
Wadhams (1957) showing that complement fixa- 
tion can be readily demonstrated 


findings of 


fresh 
thyrotoxic gland is used as the antigen have been 
confirmed. Complement fixation could then also 
be demonstrated in Hashimoto sera which failed 
to react by the precipitation tests. 


when 


Failure to demonstrate visible precipitation does 
not preclude the presence of thyroglobulin anti- 
bodies, since these could be either ‘non-precipitat- 
ing’ or present in amounts detectable only by more 
sensitive techniques. Preliminary experiments 
with [?#C]thyroglobulin in conjunction with rabbit 
anti-human y-globulin serum have shown that the 
latter possibility may occur. 


DISCUSSION 

The abnormally high concentrations of serum y- 
globulin present in patients with Hashimoto’s 
thyroiditis and the presence of precipitating auto- 
antibodies to human thyroglobulin in these sera 
pose a number of problems concerned with the 
nature of the y-globulins, their relation to the 
auto-antibody content of the serum, the type of 
precipitation curve obtained with the auto- 
antibody, the nature of the antigen against which 
the immunity is directed and the mechanism of its 
possible cytoxic action. Investigation of these 
problems is greatly facilitated by the potency of 
the antisera in many individuals, and provides at 
the same time a convenient opportunity to study 
some of the characteristics of a human precipitating 
antibody. 
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The zone-electrophoresis studies support the 
previous demonstration of raised concentrations of 
y-globulins in Hashimoto’s disease. A direct link 
between the elevated concentrations of serum 
globulins and the thyroid auto-immunity is pro. 
vided by the characterization of the auto-anti- 
bodies as proteins of the serum y-globulin fraction, 
In order to evaluate the extent to which the auto- 
antibodies contribute towards the increase in the 
concentrations of these globulins above normal, 
classical precipitation curves were established with 
purified thyroglobulin from which it was possible 
to calculate the serum-antibody content. A striking 
feature of the fully developed thyroid auto- 
immunity seen in lymphadenoid goitre is the 
extremely high level of circulating antibody. Only 
rarely have precipitin levels greater than 2 mg. of 
antibody protein/ml. of serum been described in 
the human after immunization with foreign 
antigens, whereas Hashimoto patients sometimes 
have as much as 5 mg./ml. of serum. This reflects a 
state of hyperimmunization and is probably a 
consequence of the continuous synthesis and release 
of the antigen from the damaged thyroid gland. The 
high concentrations of circulating antibody could 
account for the greater part of the rise in y»- 
globulins in these sera, but appreciably elevated 
values were sometimes found in sera in which the 
precipitins were either weak or not demonstrable. 
The finding that the precipitation curves obtained 
with a number of Hashimoto sera fell into two 
distinct groups—‘rabbit precipitin’ and ‘horse 
flocculating’ types—is of interest in that the latter 
have not been described previously in human 
immune systems. The failure to observe precipita- 
tion in the presence of excess of flocculating anti- 
body which is a characteristic of this type of curve 
has not been satisfactorily explained, although 
inhibition by ‘non-precipitating’ antibody has been 
suggested as the cause of this phenomenon. The 
simultaneous presence of ‘incomplete’ and pre- 
cipitating antibodies directed against the same 
antigen is well recognized in the immunization of 
animals. Some animals produce only ‘incomplete’ 
antibodies at first and give precipitins after more 
prolonged immunization, whereas a few immunized 
animals never show precipitins (Pappenheimer, 
1940). In the human patient neither the absence of 
precipitating antibody nor the type of precipitation 
curve could be correlated with the duration of the 
disease, the degree of thyroid destruction as 
evidenced by myxoedema or the size of the 
goitre. The majority (75%) of subjects produced 
precipitating antibodies and, of those, patients 
with large goitres tended to have the highest 
titres, which decreased as the goitre regressed under 
thyroid treatment. Several patients with large 


goitres and abnormal concentrations of y-globulins 
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gave no precipitins and in these instances the globu- 
lins may represent ‘non-precipitating’ antibodies, 
or a concomitant production of non-specific globu- 
lins by the stimulated reticulo-endothelial system, 
or perhaps antibodies to a different antigen. 

The antigens responsible for the precipitating 
antibody appear to be fractions of normal human 
thyroglobulin and there is no evidence that any 
alteration in structure is necessary to stimulate 
auto-immunity. This view is supported by our 
results and by the fact that antibodies cytotoxic to 
the thyroid could be produced in animals with 
varefully prepared homologous thyroid extracts as 
well as with purified thyroglobulin (Witebsky et al. 
1957). However, an additional antigen may be 
implicated in human auto-immune processes since 
all Hashimoto sera fix complement in the presence 
of thyrotoxie thyroid extracts, but do so only 
weakly or not at all with purified thyroglobulin. 
Further, the lack of parallelism between precipitin 
and complement fixation titres in the same indi- 
vidual suggests that the antigens concerned in 
these two reactions are distinct from each other. 

The mechanism by which the auto-immune 
process destroys the thyroid gland is not completely 
understood. Presumably damage results from 
interaction of either circulating or ‘cell-bound’ 
antibodies with thyroid antigens. A number of 
clear-cut examples of cell damage caused by the 
injection of serum antibodies are known: the 
passive transfer of heterologous antibodies against 
placenta (Seegal & Loeb, 1940), kidney (Smadel, 
1936), erythrocytes (Damashek & Schwartz, 1940), 
leucocytes (Chew, Stephens & Lawrence, 1936) and 
blood platelets (Ledingham, 1914) causes disruption 
of the elements »gainst which they are directed, 
while the intraperitoneal injection of rabbit anti- 
Ehrlich ascites-tumour serum plus complement 
increases the survival time of mice bearing the 
tumour and results in progressive cellular de- 
generation of the ascites cells (Flax, 1956). The 
lysis of red cells, Ehrlich ascites-tumour cells 
(Flax, 1956; Easty & Ambrose, 1957), Bragg rat- 
lymphosarcoma, cells (Schreck & Preston, 1956) in 
vitro and human skin and placenta in tissue culture 
(Bassett, Campbell, Evan & Earle, 1957) by their 
respective antisera have been demonstrated, but 
the presence of complement was obligatory. In 
these examples of cell damage produced both in 
vivo and in vitro by circulating antibodies, it is 
probable that the antibodies were directed against 
‘cell-surface’ antigens. With thyroglobulin condi- 
tions are not quite comparable in that it is pre- 
dominantly intrafollicular and therefore not so 
easily accessible to its antibody. There is little 
experimental evidence of cytotoxic action produced 
by circulating antibodies directed against intra- 
cellular antigens. Lilien (1954) describes the de- 
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struction or disorganization of thyroid follicles 
after repeated injections into rats of a rabbit anti- 
serum specific to rat thyroid, although it was not 
established whether a cell-surface antigen was 
involved. The characterization of the antigen 
responsible for complement fixation with thyrotoxic 
glands in Hashimoto patients may have consider- 
able bearing on this problem if it can be shown to 
be a cell-surface antigen. 

It is possible that the circulating antibodies, 
both precipitating and complement-fixing, are not 
the effective agents in the destruction of the gland 
but are only indicators of the immune process. 
Although Rose & Witebsky (1956), in their work 
on the auto-immunization of rabbits with thyroid 
extracts, found an approximate parallelism between 
the level of circulating antibody and the extent of 
the lesions in the thyroid gland, histological 
damage was also found in some animals in which 
only low concentrations of antibody were demon- 
strable. In similar experiments with dogs and 
guinea pigs (Witebsky et al. 1957), dense cellular 
infiltration and striking follicular changes were 
evident in association with very low titres of 
circulating antibody. It may be that the lympho- 
cytes which infiltrate the thyroid so extensively in 
auto-immune goitres are implicated in the cellular 
destruction, since these cells play a dominant role 
in tissue immunity where no circulating antibodies 
can be demonstrated. Billingham, Brent & Med- 
awar (1956) have shown that grafting of lymph- 
node cells from a normal animal results in the 
rejection of a skin graft previously accepted by a 
tolerant animal. Weaver, Algire & Prehn (1955) 
have shown that the lymphoid cells, and not the 
serum of animals which have rejected a homograft, 
are responsible for the destruction of any further 
graft from the same donor. Similarly, allergic 
encephalomyelitis could be passively transferred by 
cells but not by the serum of rats immunized with 
isologous brain extracts (Lipton & Freund, 1953). 
The mechanism by which cellular destruction is 
effected in auto-immune thyroiditis may be more 
readily elucidated when the conditions required for 
its passive transfer can be established and the key 
antigens involved have been characterized more 


fully. 
SUMMARY 


1. Fractionation of Hashimoto sera by zone 
electrophoresis on cellulose columns has confirmed 
the high y-globulin content but failed to demon- 
strate qualitative differences from the normal. 

2. The thyroglobulin precipitins were localized 
entirely in the y-globulin fraction. 

3. Some patients were immunized against two, 
or sometimes even three, distinct antigens present 
in purified thyroglobulin. 
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4. Two types of precipitation curves were ob- 
tained in different patients: one resembled the 
familiar rabbit-precipitin system and the other was 
similar to that seen with horse flocculating anti- 
bodies. 

5. High levels of circulating auto-antibodies 
were found in Hashimoto patients, ranging up to 
5-2 mg. of antibody protein/ml. of serum. 

6. The preparation of [!4C]thyroglobulin is 
described. The labelled protein was used to calcu- 
late the molar ratio of antibody:antigen in the 
specific precipitates. This was found to vary from 
4:1 to 2:1 in the range studied. 

7. The humanauto-antibody has a narrow species 
specificity, reacting only with monkey and chim- 
panzee thyroid extracts. 

8. The antigens involved in thyroid auto- 
immunity and the possible mechanism of cell 
destruction by their antibodies are discussed. 
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EXPLANATION OF PLATE 1 


Pl. la. Ouchterlony plate in which human thyroglobulin 
(5 mg./ml. of 0-9% NaCl) in the centre well has reacted 
with dilutions of Hashimoto serum (L.M.). With the 
serum diluted 16-fold, three distinct lines are visible. 
Photographed after 21 days. 


Pl. 1b. Ouchterlony plate in which human thyroglobulin 
(2 mg./ml. of 0-9% NaCl) has reacted with a ‘double- 
line’ Hashimoto sera. Curvature of the precipitation 
lines towards the thyroglobulin indicates that the mole- 
cular weights of the antigens present in this preparation 
are greater than that of human y-globulin. The denseness 
of the precipitate leads to the darkness in the precipita- 
tion lines visible in the photograph which was taken after 
26 days. The wells at the top and bottom of the plate 
were not filled. 
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Gutmann & Wood (1950) observed that in the 
24 hr. period after the simultaneous administration 
of L-[*S]eystine and bromobenzene to rats, about 
4% of the *S appeared in the chloroform-extract- 
able fraction of the acidified urine. Moreover, when 
they added non-radioactive p-bromophenylmercapt - 
uric acid to the urine of the dosed animals, the 
mercapturic acid which they were then able to 
isolate from the urine was radioactive. From these 
and other experimental results they concluded that 
the administered L-[*S]eystine had participated in 
mercapturic acid formation, but that only a small 
proportion of the sulphur in the p-bromophenyl- 
mercapturic acid had been derived from this source. 

In the present investigation the work of Gut- 
mann & Wood (1950) has been extended by 
the isolation, without the addition of a carrier, 
of p-bromophenyl[*®S]mercapturic acid and 1- 


naphthyl[*S]mercapturic acid from the urine of 


rats dosed with L-[**S]eystine and also given either 
bromobenzene or naphthalene. Our main purpose, 
however, has been to gain information about the 
metabolism of mercapturic after their 
administration to animals. Although this problem 
has been investigated by various workers (e.g. 
Shiple, Muldoon & Sherwin, 1924; Callow & Hele, 
1927; Coombs & Hele, 1927; Lawrie, 1931; Parke & 
Williams, 1951), it does not appear to have been 
studied by the use of *S-labelled mercapturic acids. 
The present paper contains an account of our 
observations on the fate of 1-naphthyl[*S]- 
mercapturic acid, p-bromophenyl][**S]mercapturic 
acid and phenyl[**S]mercapturic acid (prepared by 
the debromination of p-bromopheny][**S]mer- 
capturic acid), after their administration to rats. 


acids 


EXPERIMENTAL AND RESULTS 


The animals used were male black-and-white rats, each 
weighing between 150 and 200 g., and they were housed in 
metabolism cages which permitted the collection of urine 
separate from faeces. Urine and faeces were collected daily 
and when they were not used immediately they were stored 
in the refrigerator. In experiments in which the partition of 
*§ in urine was measured, the urine was made to a known 
volume, usually 25 or 50 ml., with water. Water was 
* Part 9: Brooks & Young (1956). 
17 


available to the rats at all times, and except where other- 
wise stated each animal was provided daily with 20 g. of a 
diet (Maw, 1953) with the following percentage composition 
(by wt.): casein 10, plain flour 25, starch 34-8, margarine 22, 
dried yeast 4, cod-liver oil 2, Marmite 2, choline 0-2, The 
rats were kept in their metabolism cages for an acclimatiz- 
ation period of 2-3 days before they were dosed. While 
being dosed they were anaesthetized lightly with ether. 


Measurement of *S 


In order to determine the *S content of organic com- 
pounds and biological material, the sulphur present was 
separated as benzidine sulphate, the radioactivity of which 
was then measured. Where it was necessary to convert 
sulphur into sulphuric acid, this was accomplished by 
means of the Carius oxidation procedure. The methods 
employed for the measurement of **S were based on those 
described by Young, Edson & McCarter (1949) and Hawkins 
& Young (1954). 

Inorganic sulphate **S in urine. Urine (2 ml.) was placed 
in a lipped boiling tube together with 1-5 mg. of sulphate 8, 
in the form of sodium sulphate, to serve as a carrier. 
Sufficient water to give a total volume of 6 ml. was added 
followed by 4ml. of 95% (v/v) ethanol. The inorganic 
sulphate was then precipitated by the addition of 2 ml. of 
benzidine hydrochloride reagent (Young et al. 1949). After 
the mixture had been allowed to stand for 30 min. the 
precipitate was filtered off on a Whatman no. 30 paper, 
2-3 cm. in diameter, by the use of a filtration apparatus of 
the type described by Henriques, Kistiakowsky, Margnetti 
& Schneider (1946). The precipitate was washed with three 
5 ml. portions of 95% (v/v) ethanol and allowed to dry by 
suction on the filter. The filter paper bearing the precipitate 
was then mounted on a Perspex carrier of the type de- 
scribed by Hawkins & Young (1954) and left overnight in 
a desiccator containing anhydrous CaCl,. The radioactivity 
of the precipitate was measured by means of counting 
equipment which employed a Geiger—Miiller tube with a 
thin window (1:7 mg./em.?, EHM2S8, General Electric Co. 
Ltd., London). 

After the precipitate of benzidine sulphate had been 
counted it was transferred to a boiling tube and 5-10 ml. of 
water was added. The contents of the tube were then 
heated to boiling and titrated with 0-02N-NaOH with 
phenol red as indicator. This titration value was used in the 
calculation of the correction for self-absorption which was 
applied to the radioactivity measurement. 

Total sulphate ®S in urine. Urine (2 ml.) in a 50 ml. 
beaker was made Nn with respect to its content of HCl, 
1-5 mg. of sulphate S in the form of sodium sulphate was 
added and the solution evaporated almost to dryness on a 
water bath. Water (2 ml.) was then added, the solution was 
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evaporated to dryness and heating continued for a further 
10 min. The residue was dissolved in 3 ml. of water and the 
solution was transferred to a lipped boiling tube. The 
beaker was washed with 3 ml. of water and with two 2 ml. 
portions of 95% (v/v) ethanol, and each washing in turn 
was transferred to the boiling tube. The sulphate was then 
precipitated as the benzidine salt and its radioactivity was 
measured by the method already described. 

The ethereal sulphate **S content of the urine was calcu- 
lated by subtracting the inorganic sulphate *S content 
from the total sulphate **S content. 

Total sulphur *S in organic compounds and in biological 
material. The sulphur in the material being analysed was 
oxidized to sulphuric acid by the Carius procedure (Young 
et al. 1949). The sulphuric acid was precipitated as the 
benzidine salt, the radioactivity of which was measured by 
the method already described. 

For the measurement of total sulphur *S in urine, 0-2 ml. 
portions of urine (or 0-3 ml. portions when the *°S content 
was low) were oxidized in the presence of 1-5 mg. of added 
sulphate 8. In this and all other measurements of total 
sulphur *8, where it was necessary to add carrier sulphate 
it was introduced into the bomb as solid sodium sulphate. 

In most cases when tissues were analysed for total *S 
about 0-4 g. was used for each analysis. For whole blood 
about 0-3 ml. was measured into a small weighed tube and 
the tube and its contents were weighed and then introduced 
into the Carius bomb. Faeces were air-dried and ground in 
a mortar before analysis and samples of about 0-3 g. were 
For the measurement of the ®S content of hair, 
samples weighing about 0-075 g. were oxidized and under 


used. 


these conditions it was unnecessary to add carrier sulphate. 

Co-precipitation experiments. As the metabolic experi- 
ments described later in this paper involved the measure- 
ment of *S in the sulphur fractions of the urine excreted 
after the administration of radioactive mercapturic acids, 
it was necessary to determine whether the presence of a 
358-labelled mercapturic acid in urine leads to errors in the 
measurement of sulphate **S. This was investigated as 
follows. 

A series of aqueous solutions was prepared, each with a 
volume of 6 ml. and each containing 1-5 mg. of non-radio- 
active sulphate S (as sodium sulphate) together with a known 
amount of 1-naphthyl[**S]mercapturic phenyl- 
{*S]mercapturic acid or p-bromophenyl[**S]mercapturic 


acid, 


acid, The amounts of mercapturic acid present ranged from 
0-0012 to 0-0040 m-mole, and these corresponded in general 
to the amounts which would have been present in the urine 


sample if an animal had excreted from 30 to 100 9% 


% of a dose 


Table 1. 


in the measurement of ®S 
For experimental conditions see text. 


Percentage of mercapturic acid precipitated 


Mercapturic 
acid present mercapturic 
(m-mole) acid 

0-0012 0-20 
0-0016 —- 
0-0020 0-13 
0-0024 
0-0032 0-17 
0-0040 0-22 
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of 0-1 m-mole of mercapturic acid in unchanged form. The 
sulphate was precipitated as the benzidine salt and its 
radioactivity was measured as already described. The 
results obtained are given in Table 1, and they show that 
under the conditions of the present investigation, the | 
amount of mercapturic acid carried down with the pre- 
cipitate of benzidine sulphate is unlikely to cause a serious 
error in the measurement of urinary sulphate **S. 


Biosynthesis of L-[*™S]cystine 


Williams & Dawson (1952) have described a method of 
preparing L-[*S]eystine from baker’s yeast that has been 
grown in a medium containing [**S]sulphate. The yeast is 
dehydrated and defatted, and the residue is extracted with 
hot trichloroacetic acid to remove nucleic acids. The crude 
protein residue is then hydrolysed in the presence of added 
L-cystine, and the *5S-labelled cystine which is obtained 
from the hydrolysate is purified by repeated crystallization 
at pH 4-5. By this means Williams & Dawson (1952) 
obtained 1-[**S]cystine of high specific activity and of a 
purity such that a series of tests failed to reveal the 
presence of either inactive or radioactive impurities. 

With certain minor changes, the method of preparing 
L-[95S]cystine described by Williams & Dawson (1952) was 
used in the present work. Among the changes introduced 
were an increase in the *S content of the yeast culture 


carrier L-cystine added to 0-125 g./g. of yeast residue. 
Another change was the addition of sodium sulphate 
(1 mg. of SO,?- ion/ml.) to the solution before carrying out 
one of the precipitations of the cystine at pH 4-5. 

In one experiment radioactive cystine was prepared from 
yeast grown in two 21. batches of culture medium each of 
which initially contained 9-5 mc of *°S as %SO,?- ion. The 
weight of L-cystine added as carrier before the hydrolysis of 
the yeast protein was 2 g. After the radioactive cystine had 
been separated from the hydrolysate it was recrystallized 
to constant specific activity. The weight of product ob- 
tained was 1-093 g. and it had a specific activity of 157 pc 
m-mole. This represented a recovery as cystine *S of 
3-8 % of the *§ introduced as SO,?- ion into the culture 
medium. No radioactive impurities were detected when the 
constant-solubility test of Gutmann & Wood (1949) was 
applied to the L-[®S]cystine with water as the solvent. 

Another preparation of radioactive cystine carried out 
under conditions almost identical with those used in the 
preparation just described yielded 1-151 g. of product with 
a specific activity of 153 ~c/m-mole. 


Phenyl- p-Bromophenyl- 
mercapturic mercapturic 
acid acid 
0-32 0-05 
0:37 0-03 
0-41 0-11 
0-22 0-04 


} 
medium to about 5 mc/]. and an increase in the amount of | 
' 
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Table 2. 
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Influence of administration of naphthalene on the urinary excretion of ®*S as inorganic sulphate, 


ethereal sulphate and neutral sulphur by rats dosed with L-[**S |cystine 


Rat no. 1 was injected subcutaneously with 1 ml. of arachis oil and rat no. 2 was similarly injected with 1 ml. of a 20% 
(w/v) solution of naphthalene in arachis oil. Immediately after the injection each rat was given by stomach tube an 


aqueous suspension containing 0-1 m-mole of L-[**S]cystine. 


358 in urine 


(percentage of *°S administered) 


Rat Inorganic 

Day no. SO, 
1 ] 31-92 
2 18-15 

2 1 6-38 
2 4-13 

3 1 2-59 
2 1-79 

4 ] 1-48 
2 1-05 

5 1 0-94 
2 0-97 


Preparation of **S-labelled mercapturic acids 


In experiments in which they studied the effect of 
administration of bromobenzene on the metabolism of *5S- 
labelled L-cystine in rats, Gutmann & Wood (1950) gave the 
bromobenzene by stomach tube and the radioactive cystine 
by intraperitoneal injection, and they reported that in the 
next 48 hr. about 16 % of the administered *S was excreted 
in the urine. The greater part of this *°S was present in the 
form of inorganic sulphate. They concluded, however, that 
some *S was present in the form of mercapturic acid, for 
when they added an ammoniacal solution of unlabelled p- 
bromophenylmercapturic acid to the urine of the dosed 
animals the p-bromophenylmercapturic acid which they 
isolated from the acidified urine was radioactive. 

In the present investigation 1-naphthylmercapturic acid 
and p-bromophenylmercapturic acid labelled with *°S were 
isolated from the acidified urine of rats which had been 
dosed subcutaneously with naphthalene or bromobenzene 
and immediately afterwards had been given L-[*°S ]cystine 
either by intraperitoneal injection or by stomach tube. No 
carrier mercapturic acid was added to the urine in these 
experiments. 

As a preliminary to this work some experiments were 
performed in which the partition of *°S in the urine of rats 
dosed with x-[*S]cystine was studied. The results of one 
such experiment are shown in Table 2. In this experiment 
a pair of rats were fasted for 24 hr., one (no. 1) was then 
given a subcutaneous injection of 0-5 ml. of arachis oil at 
each of two sites on the back, and the other (no. 2) was 
injected similarly with arachis oil containing in solution 
0:2 g. of naphthalene. Each rat was then given by stomach 
tube 0:5 ml. of an aqueous suspension of 0-1 m-mole of 
L-[*S]eystine. The rats were fasted for another 24 hr. and 
were then provided with food for the remainder of the 
experiment. The urine was collected daily for 5 days and 
analysed. As in other experiments in which L-[**S]cystine 
alone was given to rats by stomach tube, it was found that 
about one-half of the administered *°S appeared in the urine 
within 48 hr. after dosing. Most of the **S was present in 
the form of inorganic sulphate and little was excreted in the 
neutral sulphur fraction. The administration of naphthalene 


Ethereal Neutral 


Total 
358 . 358 359 
1-15 8-70 41-77 
5-45 28-52 52°12 
0-74 2-11 9-2¢ 
1-23 5:29 10-65 
0-16 1-14 3°89 
0-23 1-70 3°72 
0-21 1-40 3-09 
0-18 0-72 1-95 
0-14 0°87 1-95 
0-13 0-61 1-71 


was attended by a greater excretion of *S as neutral 
sulphur and a lower excretion of *S as inorganic sulphate, 
which suggests that some cystine which would otherwise 
have undergone oxidation to sulphate underwent conjuga- 
tion with naphthalene. More *S was present in the ethereal 
sulphate fraction of the urine of the animal which received 
naphthalene than in that of the rat which received only 
radioactive cystine. 

These observations emphasized the fact that in order to 
prepare from urine *§-labelled mercapturic acid with a 


take into account the presence in the urine of compara- 
tively large amounts of *S in other forms. The chief of 
these was inorganic sulphate. The presence of SO,2- ions in 
urine was found to have no effect on the purity of 1-naph- 
thylmercapturic acid isolated by the procedure used in the 
present work (described later), for when carrier-free [*5S]- 
sulphate (104 wc) was added to the urine collected from four 
rats in the 4 days after each had received 0-2 g. of naph- 
thalene (20%, w/v, in arachis oil) by subcutaneous injec- 
tion, the mercapturic acid which was isolated contained no 
detectable amount of *S. The isolation procedure was also 
tested in an experiment in which four rats were each dosed 
subcutaneously with 0-2 g. of naphthalene (20%, w/v, in 
arachis oil) and the urine was collected for 4 days. At the 
same time four other rats each received by intraperitoneal 
injection approx. 0-1 m-mole of L-[*S]cystine (16-7 wc) in 
aqueous suspension, and the urine was collected for 4 days. 
The urines from the two groups of animals were then mixed, 
the 1-naphthylmercapturic acid was isolated and was found 
to contain no *®S. As a result of these observations it 
appeared that 1-naphthyl[*°S]mercapturic acid isolated by 
the method about to be described was unlikely to be con- 
taminated by *°S-containing compounds derived from L 

[**S|cystine by normal metabolic processes. 

Isolation of 1-naphthyl{®S)mercapturic acid. In all 
experiments male rats weighing 150-200 g. were used and 
each received 0-2 g. of naphthalene as a 20 % (w/v) solution 
in arachis oil by the subcutaneous injection of 0-5 ml. of the 
solution into each of two dorsal sites, one to the left and 
the other to the right of the mid-line. In all experiments 


these injections were followed immediately by the 
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administration of 0-5 ml. of an aqueous suspension of about 
0-1 m-mole of L-[**S]cystine to each rat, either by intraperi- 
toneal injection or by stomach tube. The urine of the dosed 
rats was collected for 3 days and 1-naphthyl[**S)]mer- 
capturic acid was isolated by a method similar to that 
described by Young (1947) for the isolation of the non- 
radioactive compound. The following is an account of a 
typical experiment. 

Twelve rats were injected subcutaneously with naph- 
thalene and were given L-[*S]cystine by stomach tube as 
already described. Each rat received approx. 12 uc of S$ 
in the form of L-cystine. The animals were fasted for 24 hr. 
before and after being dosed. The volume of the urine 
excreted in the 3 days after dosing was 360ml. It was 
made just acid to Congo red by the addition of conc. HCl, 
and this was followed by the addition of 36 ml. of conc. 
HCl. The acidified urine was left overnight and was then 
shaken with three 400 ml. portions of chloroform. The 
emulsions which formed were broken by centrifuging. The 
clear chloroform extracts were separated, combined and 
concentrated on a water bath. The concentrate (40 ml.) was 
shaken first with 30 ml. of m-NaHCO, and then with 20 ml. 
of m-NaHCO,. The bicarbonate extracts were combined 
and shaken with an equal volume of ether. The ether 
extract was discarded. The aqueous layer was warmed to 
remove ether and was then cooled. It was next made just 
acid to Congo red by the addition of conc. HCl. This 
operation was conducted carefully in a fume cupboard, for 
the evolution of carbon dioxide which occurred gave rise to 
a radioactive spray. Crude mercapturic acid separated as 
a tar which solidified on standing overnight in the re- 
frigerator. The product was separated by filtration, and 
after being dried over P,O, it weighed 0-806 g. In order to 
purify the mercapturic acid use was made of the salting- 
out process described by Bourne & Young (1934). The crude 
acid was dissolved in 8 ml. of 2N-NaOH, and when 1-6 ml. 
of 10n-NaOH was added, the sodium salt of the mer- 
capturic acid separated. It was washed on to a sintered- 
glass filter with the aid of a few millilitres of 2N-NaOH and 
the liquid was removed by suction. The sodium 1-naphthy]l- 
[*5S]mercapturate was dissolved in water and the free acid 
was precipitated by the addition of conc. HCl until the 
solution became acid to Congo red. The crystalline pre- 
cipitate was allowed to separate overnight in the re- 
frigerator. After being collected by filtration the crystals 


Table 3. 
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were dissolved in warm ethanol, and the solution was 
treated with charcoal and filtered. The filtrate was concen. 
trated by evaporation in an air current and the acid was 
precipitated by the addition of warm water. After being 
left overnight in the refrigerator the precipitate was col- 
lected on a sintered-glass funnel, dried by suction and then 
stirred on the funnel with 2 ml. of ether. The ether was 
drawn off and the residue on the funnel was recrystallized 
from aqueous ethanol to constant specific activity. The 
final product melted at 170-5-171° (m.p. values reported in 
this paper are uncorrected) and when it was mixed with 
l-naphthylmercapturic acid the melting point was not 
depressed. The weight of 1-naphthyl[*°S]mercapturic acid 
obtained was 0-54 g., and this corresponded to 9-9 % of the 
naphthalene administered. The specific activity of the 
mercapturic acid was 5-4 4c/m-mole, whereas that of the 
L-[*S]eystine administered was 107 c/m-mole. The *§ 
which was separated as mercapturic acid represented 7% 
of that given as cystine. 

The data just given are summarized in Table 3, as are 
those of other experiments in which 1-naphthyl(*S}- 
mercapturic acid was isolated from the urine of rats dosed 
with naphthalene and 1-[*S]cystine. The conditions in 
Expt. 2 closely resembled those in Expt. 1, and the results 
obtained were similar. In Expt. 3 two groups of six rats 
were treated in the same way except that one group was 
fasted for 24 hr. before and after being dosed (as in Expts. 1 
and 2), whereas the other group was given food throughout 
the experiment. As might be expected, the specific 
activity of the mercapturic acid isolated from the urine of 
the group which was fasted was somewhat higher than that 
obtained from the urine of the group which was given food 
throughout the experiment. The data from Expt. 4 show 
that the specific activity of the mercapturic acid obtained 
from rats which had been given L-[**S]eystine by intraperi- 
toneal injection was much lower than that obtained under 
comparable conditions when the cystine was administered 
by stomach tube. 

Examination of the 1-naphthyl[*°S]mercapturic acid by 
means of the constant solubility test (Gutmann & Wood, 
1949), with water as the solvent, gave no evidence of the 
presence of radioactive impurities. 

Isolation of p-bromophenyl[®*S|mercapturic acid. Twelve 
rats were each given 0-2 g. of bromobenzene as a 20% 
(w/v) solution in liquid paraffin by subcutaneous injection 


Isolation of 1-naphthyl[*S\mercapturic acid from the urine of rats dosed subcutaneously 


with naphthalene and given L-[*S]eystine by stomach tube or by intraperitoneal injection 


Each rat received by subcutaneous injection 0-2 g. of naphthalene as a 20% solution (w/v) in arachis oil, followed by an 
aqueous suspension of 0-1 m-mole of L-[*°S]cystine by stomach tube or by intraperitoneal injection. In some experiments 
(fasted) the rats were fasted for 24 hr. before and after dosing, whereas in others (fed) they were provided with food 


throughout the experiment. 
L- 





358 ]Cystine 


Specific 


Expt. No.of Feeding Mode of activity 
no. rats conditions administration (yc/m-mole) 
1 12 Fasted Stomach tube 107 
2 12 Fasted Stomach tube 142 
3 {6 Fed Stomach tube 120 
. 16 Fasted Stomach tube 120 
4 12 Fed Intraperitoneal 120 


injection 


1-Naphthy][*°S}mercapturic acid 


Total ®S 


Amount Specific 358 recovered 
administered isolated activity (% of *S 
(HC) (g-) (uc/m-mole) administered) 
144 0-540 5-4 70 
192 0-437 7:8 6-2 
72 0-392 5-0 9-5 
74 0-363 58 9-8 
136 0-712 1-9 3°5 


| 
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at two sites on the back. 
stomach tube approx. 0-1 m-mole of L-[*S]eystine sus- 


Each rat was then given by 


pended in 0-5 ml. of water. The animals were provided with 
food and water throughout the experiment, and their urine 
was collected daily for 3 days. The urine was then acidified 
and extracted with chloroform, and the p-bromophenyl- 
[S]mercapturic acid was separated from the extracts by 
the procedure already described for the of 1- 
naphthyl[**S]mercapturic acid, with the omission of the 
step in which the compound was separated as the sodium 
salt. The mercapturic acid was recrystallized from aqueous 
ethanol to constant specific activity. The final product 
melted at 153-5-154° alone and when mixed with p-bromo- 


isolation 


phenylmercapturic acid. The yield was 0-71 g., and this 
corresponded to 14-6 % of the bromobenzene administered. 
The specific activity of the L-[*°S]cystine was 94 .c/m-mole, 
whereas that of the mercapturic acid was 4-7 ~c/m-mole. 
The total activity of the radioactive cystine given to the 
animal was 114 pyc, and 9-2% of the *S was recovered as 
mercapturic acid. 

Preparation of phenyl[®*S|mercapturic acid. This com- 
pound was prepared by the debromination of p-bromo- 
pheny]| 
manner similar to that described by Baumann & Preusse 
(1881) and Zbarsky & Young (1943). Sodium amalgam was 
freshly prepared by the method of Fieser (1941). It con- 
tained 1-2 % of sodium (by wt.) and was semi-solid at room 





‘S|mercapturic acid with sodium amalgam in a 


temperature. It was kept in an atmosphere of nitrogen 
until required. A solution of 0-2 g. of p-bromophenyl- 
{*°S]mercapturic acid in 10 ml. of 0-2m-NaHCO, was left in 
contact with 50g. of the amalgam in a lightly corked 
conical flask. The mixture was shaken occasionally and the 
reaction was allowed to proceed for 24 hr. at room temper- 
ature. The supernatant liquid was then decanted, filtered, 
made acid to Congo red by the addition of cone. HCl, and 
left overnight in the cold store. The crystalline precipitate 
which formed was recrystallized from aqueous ethanol to 
constant specific activity. The total amount of phenyl- 
[*S]mercapturic acid obtained from two preparations each 
employing 0-2 g. of p-bromophenyl[**S|mercapturic acid 
was 0-198 g., a yield of 66%. The product melted at 142-5°, 
alone and when mixed with phenylmercapturic acid. Its 
specific activity was 4-65 uc/m-mole, whereas that of the 
p-bromophenyl[**S]mercapturic acid from which it was 
prepared was 4-66 wc/m-mole. 

the 
methods just described were used in the following metabolic 
experiments. 


The *S-labelled mercapturic acids prepared by 


Fate of 1-naphthyl{*S|mercapturic acid 
when administered to the rat 


A study was made of the excretion of ®S by rats 
after they had been dosed with 1-naphthyl[**S]- 
mercapturic acid by various routes and at two 
different dose levels. In the first group of experi- 
ments each rat received by stomach tube, by intra- 
peritoneal injection or by subcutaneous injection, 
the solution obtained by dissolving 0-1 m-mole 


of 1-naphthyl[*S]mercapturic acid in 0-5 ml. of 


dilute NaHCO, solution. The urine was collected 
daily for 4 days after dosing and each day’s 
collection was analysed for the *S content of the 
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inorganic sulphate, total sulphate and total sulphur 
fractions. The faeces were collected for the 4-day 
period and their total ®S content was measured. 
The results obtained for the analysis of the excreta 
are shown in Table 4. At the end of the experi- 
mental period the rats were killed and samples of 
blood, liver, kidney, stomach, intestine, muscle and 
hair were analysed for their content of *S. These 
samples showed either no activity or gave counting 
rates very slightly above that of background. As 
the results in Table 4 show, irrespective of the 
route by which the radioactive mereapturic acid 
was introduced into the animal, most of the *®S 
was excreted in the urine within 24 hr. of dosing. 
Some mercapturic acid sulphur was oxidized to 
inorganic sulphate and almost none was excreted 
as ethereal sulphate. By far the greatest part of 
the urinary “5S was present in the form of neutral 
sulphur. 

In order to test whether the pattern of excretion 
of ®S was influenced markedly by the size of the 
dose of radioactive 1l-naphthylmercapturic acid 
administered, a second group of experiments was 
carried out. These experiments were similar to 
those of the first group, but they were more limited 
in scope. Each rat received by stomach tube, by 
intraperitoneal injection or by subcutaneous in- 
jection, the 
0-025 m-mole of 1-naphthyl[**S]mercapturie acid 
in 0-5 ml. of dilute NaHCO, solution. The urine was 
collected for 24 hr. after dosing, and the distribu- 


solution obtained by dissolving 


tion of ®S in the urinary sulphur fractions was 
It is 
clear that when the results are expressed as per- 


determined. The results are shown in Table 5. 


centages of the ®S administered as mercapturic 
acid, they are not greatly different 
obtained (Table 4) when each animal received four 


from those 
times as much mercapturic acid. 

Presence of 1-naphthyl{*S|mercapturic acid in the 
urine of rats dosed with this compound. From the 
results given in Tables 4 and 5 it is apparent that 
the administration of 1-naphthyl[*S]mercapturic 
acid to rats was followed by the excretion of about 
80 % of the *S in the neutral sulphur fraction of the 
urine, and the question arises of whether most of 
the *S was present in the urine as mercapturic acid. 
This was investigated by means of the isotope- 
1-Naphthyl[*S ]mercapturic 
acid of known specific activity was added to the 
had 


radioactive 1-naphthylmercapturic acid, and after 


dilution technique. 


urine of rats which been dosed with non- 
the urine had been acidified a sample of pure 
mercapturic acid was isolated from it. The specific 
activity of the isolated compound was measured 
and from the dilution of the ®S which had taken 
place the amount of 1-naphthylmercapturic acid in 
the acidified urine was calculated. The following is 


an account of an experiment of this type. 


262 


Six male rats were each given by intraperitoneal in- 
jection the solution obtained by dissolving 0-1 m-mole of 
non-radioactive l-naphthylmercapturic acid in 0-5 ml. of 
dilute NaHCO, solution. The urine was collected for 3 days 
after dosing. The animals were given food and water 
throughout the experiment. To the urine was added the 
solution obtained by dissolving 0-0998 g. of 1-naphthyl- 
[**S]mercapturic acid (specific activity, 0-850 wc/m-mole) 
in 10 ml. of dilute NaHCO, solution. The urine was acidified 
with HCl as already described and left at room temper- 
ature for 24 hr. A sample of I-naphthylmercapturic acid 
was then isolated from the urine by a procedure which 
differed somewhat from that described earlier. The acidified 
urine was extracted twice with an equal volume of chloro- 
form, and the combined extracts were evaporated on a 
water bath to a small volume. The concentrate was then 
evaporated to dryness at room temperature in a current of 
air, and the dark residue thus obtained was treated with 
1-5 ml. of ice-cold chloroform. The mixture was stirred well 
and was kept in an ice bath for 15 min. The chloroform dis- 


Table 4. Hacretion of *S in the inorganic sulphate, « 


and in the faeces of rats each dosed with 0- 
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solved most of the coloured impurities and left undissolved 
material which consisted of almost colourless crystals. These 
were separated by filtration and washed with two 1 ml. por. 
tions of ice-cold chloroform. The crystals were dissolved in 
about 8 ml. of ethanol, the solution was treated with charcoal 
and filtered. The filtrate was concentrated in an air currentto 
4 ml., and hot water was then added with stirring until the 
total volume was 20 ml.The mixture wasleftin the refrigerator 
overnight and the crystalline precipitate was dried on the 
filter by suction and then washed with two 1 ml. portions 
of ether. The 1-naphthylmercapturic acid thus obtained was 
recrystallized from aqueous ethanol until it showed a con- 
stant melting point and constant specific activity. 

The specific activity was found to be 0-533 po; 
from which it was calculated that the 
radioactive mercapturic acid added to the urine 
had been diluted with 0-0594 g. of non-radioactive 
mercapturic acid. This amount represented 34-2 % 


m-mole, 


of the administered 1-naphthylmercapturic acid. 


thereal sulphate and neutral sulphur fractions of urine, 
1 m-mole of 1-naphthyl[*S mercapturic acid 


Each rat received by stomach tube, by intraperitoneal injection or by subcutaneous injection the solution obtained by 
dissolving 0-1 m-mole of 1-naphthyl[**S]mercapturic acid in 0-5 ml. of dilute NaHCO, solution. The data given are mean 


values for pairs of rats. 


Excretion of ®S 


(percentage of *°S administered) 


Inorganic Ethereal 


Faecal 
35 


Neutral 
358 





by stomach tube 
78-21 = 
1-93 . 
0-97 aaa 
0-21 = 
81-32 5-98 


Administration by intraperitoneal injection 


76-24 : 
511 : 
2-83 
1-44 
85-62 


3-44 93-46 


Administration by subcutaneous injection 


Day SO, 380, 
Administration 

l 0-73 0-18 
2 0-36 0-02 
3 0-06 0-01 
4 - 0-02 
1-4 1-15 0-22 
l 1-76 0-55 
2 1-50 0-06 
3 0-35 0-01 
4 0-12 0-05 
1-4 3°7é 0-67 
] 0-96 0-10 
2 0-54 0-19 
3 0-27 0-11 
4 0-16 . 

1-4 1-93 0-40 


Table 5. Excretion of *®S in the inorganic sulphate 


83-88 





4-05 95-18 


, ethereal sulphate and neutral sulphur fractions of the 


urine excreted by rats in the 24 hr. after each was dosed with 0-025 m-mole of 1-naphthyl[®S|mercapturic acid 


Each rat received by stomach tube, by intraperitoneal injection or by subcutaneous injection the solution obtained by 


dissolving 0-025 m-mole of 1-naphthyl][**°S]mercapturic acid 


Inorganic 


Mode of administration SO, 
Stomach tube 1-17 
Intraperitoneal injection 0-22 
Subcutaneous injection 1-60 


in 0-5 ml. of dilute NaHCO, solution. 


%6§ in urine 
(percentage of *°S administered) 





Ethereal Neutral Total 
35S ( dy 355 355 

- 73°35 74-52 

0-68 69-40 70-30 

0-43 88-04 90-07 
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In an experiment similar to that just described 
four rats were each dosed by intraperitoneal in- 
jection with the solution obtained by dissolving 
0:2m-mole of 1-naphthylmercapturic acid in 
0:5ml. of NaHCO, solution, and analysis of the 
urine by the isotope-dilution technique showed the 
presence of 32-3 % of the mercapturic acid. 
Urinary excretion of ®S by rats dosed with phenyl- 


[%S|mercapturic acid and _ p-bromophenyl[*S}- 


mercapturic acid 

Experiments were conducted in which phenyl- 
mercapturic acid and p-bromophenylmercapturic 
acid labelled with **S were administered to rats and 
the distribution of *°S in the urine was determined. 
In these experiments each rat was given the solu- 
tion obtained by dissolving 0-1 m-mole of mer- 
capturic acid in 0-5 ml. of dilute NaHCO, solution. 
The phenyl[**S]mercapturic acid was given to the 
animals by one of three routes, by stomach tube, 
by intraperitoneal injection or by subcutaneous 
injection. p-Bromopheny][**S mercapturic acid was 
administered only by stomach tube. The general 
conditions of the experiments resembled closely 
those employed in studying the fate of 1-naphthyl- 
[=S}mereapturic acid. The results obtained are 
shown in Table 6, and it will be seen that apart 
from a somewhat more rapid excretion of *S and 
less oxidation to inorganic sulphate, the results 
are similar to those obtained for 1-naphthyl[**S]- 
mercapturic acid. 


DISCUSSION 


Early workers (e.g. Thomas & Straczewski, 1919; 
Kapfharnmer, 1921) were of the opinion that 
dietary cystine is the chief source of the sulphur 
of the p-bromophenylmercapturic acid isolated 
from the urine of animals dosed with bromobenzene. 
This was not supported by the findings of later 
workers (e.g. Nishimura, 1929-30; Stekol, 1935-6), 
and it was eventually concluded that mercapturic 
acid sulphur is derived mostly from the non- 


Table 6. 
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dietary sources. This conclusion has been supported 
by the findings of Gutmann & Wood (1950), as well 
as those obtained in the present investigation. The 
immediate source of the cysteine portion of the 
mercapturic acid molecule has yet to be established. 
Various workers (e.g. Smith, Spencer & Williams, 
1950; Mills & Wood, 1956) have suggested that 
mercapturic acids may arise from the interaction of 
certain halogenobenzenes and aromatic hydro- 
carbons with tissue proteins. On the other hand, 
Barnes & James (1957) have pointed out that the 
large amounts of mercapturic acid which can be 
isolated from the urine of animals dosed with some 
of the compounds they have investigated (cf. Bray, 
James & Thorpe, 1957) make it unlikely that the 
cysteine moiety of these mercapturic acids is 
derived solely from tissue proteins, and the sug- 
gestion has been made (Barnes & James, 1957; 
Bray & Franklin, 1957) that glutathione may serve 
as its source. Although the fact that only a small 
proportion of the mercapturic acid isolated in our 
experiments was labelled with ®S derived from the 
administered L-[*S]eystine is consistent with the 
possibility that the cystine must be incorporated 
into tissue components (e.g. proteins, glutathione) 
before conjugation, there are other ways in which 
our findings can be explained. 

Until recently little was known about the fate of 
mercapturic acids after their administration to 
animals. Sherwin and his co-workers (Rose, Shiple 
& Sherwin, 1924; Muldoon, Shiple & Sherwin, 
1924; Shiple et al. 1924) considered that mer- 
capturic acids can be oxidized in the animal body 
to ethereal sulphates. No evidence to support this 
belief was obtained, however, by Callow & Hele 
(1927), Coombs & Hele (1927) or Lawrie (1931), and 
Coombs & Hele (1927) pointed out that the oxida- 
tion of a mercapturic acid would be more likely to 
lead to formation of a sulphonic acid. Considerable 
light was thrown on the metabolism of pheny]l- 
mercapturic acid by the work of Parke & Williams 
(1951), who found that when this compound was 
administered to rabbits 45% of it was excreted in 


Excretion of *S in the inorganic sulphate, ethereal sulphate and neutral sulphur fractions of the 


urine excreted by rats in the 24 hr. after each was dosed with 0-1 m-mole of phenyl|*S|mercapturic acid 


or p-bromophenyl[*S |jmercapturic acid 


Each rat received by the route indicated the solution obtained by dissolving 0-1 m-mole of the *°S-labelled mercapturic 


acid in 0-5 ml. of dilute NaHCO, solution. 


Mode of 
[*°S]Mercapturic acid 
Stomach tube 
Pheny][*°S}mercapturic acid 


ee, 


Stomach tube 


- Br snvlfs5S ne "ic Aci 
p-Bromopheny][®*S]mercapturic acid ‘Stesande tebe 


administration 


Intraperitoneal injection 
Subcutaneous injection 


35S in urine 
(percentage of **S administered) 


Total 


Inorganic Ethereal Neutral 
5S0O SSO 358 359 
4 4 
0-13 0-04 97-23 97-40 
0-12 0-04 91-94 92-10 
0-12 0-09 97-49 97-70 
0-48 0-11 97-21 97-80 
0-65 0-17 95-68 96-50 





264 


the urine unchanged, whereas 14% underwent 
deacetylation and was excreted as S-phenyl- 
cysteine. They also observed that there was an 
increased excretion of ethereal sulphate corre- 
sponding to 10% of the mercapturic acid ad- 
ministered. They expressed the view that this was 
due to the excretion of phenylsulphuric acid formed 
from phenol derived from the phenylmercapturic 
acid, but they stated that their experiments did 
not indicate whether the sulphate sulphur came 
from the same source. The data in Tables 4—6 of the 
present paper show that some breakdown of the 
35S-labelled mercapturic acids occurred in the rat 
with the formation of inorganic [**S]sulphate in 
amounts which never exceeded 4% of the *®S 
administered as mercapturic acid. Less than 1% 
of the administered *S appeared in the urine as 
ethereal sulphate, and it seems likely that this 
radioactive ethereal sulphate was formed from 
the 
In two experiments in which rats 


inorganic [*S]sulphate derived from mer- 
capturic acid. 
were dosed with 1l-naphthyl[**S]mercapturie acid 
it was found that 32-3 and 34:2% of the admin- 
istered compound were excreted unchanged. This 
accounted for less than half the *S present in the 
neutral sulphur fraction of the urine, and in view of 
the & Williams (1951) 
phenylmercapturic acid it seems possible that the 
S-(1-naphthyl)-L-cysteine 
metabolic deacetylation of the mer- 


findings of Parke with 


urine contained some 
formed by 
capturic acid. 

It has long been customary to refer to the meta- 
bolic conversion of naphthalene and bromobenzene 
into l-naphthylmercapturic acid and p-bromo- 
phenylmercapturic acid. It must be pointed out, 
however, that these mercapturic acids may not be 


for 


known to be 


true excretory products, naphthalene and 


metabolized to 
derivatives which are excreted in the urine and are 


bromobenzene are 
readily broken down by strong acids to yield 
mercapturic acids (Boyland, Sims & Solomon, 
1957; Knight & Young, 1957). These acid-labile 
compounds have been named 
acids’ (Knight & Young, 1957) and that formed 
from naphthalene has been isolated by Boyland 
et al. (1957). It appears to be an N-acetyl-S- 
(hydroxy-1:2-dihydronaphthyl)cysteine and it is 


‘premercapturic 


converted into 1-naphthylmercapturic acid under 
acidic conditions by 
water. Although the problem is still under investi- 
gation it may well be that the urine of animals 
dosed with naphthalene or bromobenzene contains 
no mercapturic acid until the premercapturic acid 
has been decomposed. While these considerations 
do not affect the findings reported in the present 
paper, they make it clear that the status of mer- 
capturic acids in the metabolism of foreign organic 
compounds must be reconsidered. 
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SUMMARY 


1. 1-Naphthyl[*S]mercapturic acid and_ >. 
bromophenyl[*S]mercapturie acid have been iso- 
lated from the urine of rats dosed with naphthalene 
and bromobenzene respectively and given L-[*5§]}. 
cystine immediately afterwards by another route. 

2. Phenyl[*S]mercapturic acid has been pre- 
pared by the debromination of »-bromophenyl- 
[S]mercapturic acid. 


3. Observations have the in- 
fluence of administration of naphthalene on the 


excretion of 8 by rats dosed with L-[**S]eystine. 


been made on 


4. The distribution of ®S in the faeces and the 
sulphur fractions of the urine has been studied 
after the 1-naphthyl[*s}- 
mercapturic acid to rats. Little of the *S 
excreted in the faeces. Most of it appeared in the 


administration of 


was 


neutral sulphur fraction of the urine, and about 
one-third for in the 
naphthylmercapturice acid. Less than 4% of the 
355 the 
inorganic sulphate, and less than 1% as ethereal 
sulphate. 


was accounted urine as l- 


administered was present in urine as 


5. The excretion of *S by rats dosed with phenyl- 
%(S]mercapturie acid or p-bromopheny]l[*S ]mer- 
capturic that 
i-naphthyl[**S]mercapturic acid was administered. 


acid resembled observed when 
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The active transport of K™ ions in exchange for H’* 
fermentation 
various publications (e.g. 
1946; Rothstein & Enns, 1946; Conway, Brady & 
Carton, 1950). Without any added buffering, the 
pH of the external fluid when the volume of this is 
restricted as far as pessible can fall as low as 1-5. 
When I ml. of fluid, % 


containing 5% 
glucose (w/v) but no potassium chloride or buffer, 


has been described in 


Conway & O'Malley, 


ions during 


external 


is present/g. of yeast the pH external to the cells is 
in the region of 3, owing to the excretion of succinic 


acid. When under such conditions the external 
fluid contains sodium chloride, lithium chloride or 
other inorganic chloride, even in high concentra- 


tion, no appreciavie uptake of the inorganic cation 


species occurs, with the exception of rubidium. 


When, however, the external fluid is buffered to 
pH 6-7, 


markedly 


not only is the uptake of potassium 
but that of 


lithium, magnesium and other metal cations. 


increased, also sodium, 
There 
is then marked competition between cation species. 

In this paper such uptake and competition are 
studied at pH 6-7 and the evidence leads to the 
conclusion that only one carrier system is involved 
(Conway & Duggan, 1956). 

Since K* ions are taken up much more readily 
than is any other metal cation, the carrier may be 
regarded as the physiological K* 
not the only mechanism involved in the uptake of 


ion carrier, but is 


cations. Magnesium, for example, can be actively 


transported also, by a different system operating at 
pH 3-5, and the transport is not then inhibited by 
small concentrations of K* 


ions, the magnesium 


being taken up in association with phosphate 
(Rothstein, 1955). 


This physiological K* ion carrier is to be disting- 


uished from that which transports sodium from 


within outwards, when, for example, a considerable 
quantity of Na” ions has been introduced (Conway, 
Ryan & Carton, 1954). It to be 
operative when external cations exchange for Na 


also appears 
ions within the cells of sodium-rich yeast. 
An account is given of the determination of the 
concentration of the carrier in terms of milli-equiva- 
lents 
fuged yeast. 


of combining power/kg. of washed and centri- 


EXPERIMENTAL 
Chemical analysis and materials 


The 


concentration of these in yeast was determined by means of 


Sodium, potassium, caesium, rubidium and lithium. 


the Beckman flame photometer, with wavelengths of 589, 
769, 852, 795 and 670-8 mp for Na‘, K*, Cs*, Rb” and 
Li* ions respectively. The yeast for analysis was first 


and then 1 g. (moist wt.) was 
This suspension was then 


centrifuged, washed twice 
suspended in 20 ml. of water. 
brought to 100° for 1-2 min., cooled, 
suitably diluted. The readings were compared with those 
obtained with standard solutions. 

pH determinations. These 
the Beckman model G meter. 

Magnesium determinations. (i) Titan-yellow method: 
Determinations of Mg were carried out the 
method of Young & Gill (1951). (ii) Flame-photometer 
This method was also used in the earlier determi- 
nations. Small quantities of yeast (0-8-1-0 g.) were treated 
with a few drops of 4N-H,SO, ashed in platinum 
crucibles. The of warm n-HCl, 
the solution then neutralized with dilute aq. NH, soln. and 
Mg was precipitated by the addition of 1 ml. of 8-hydroxy- 
quinoline reagent (Cruess-Callaghan, 1935). The separation 
of the Mg in this way from Na and K was found necessary 
because of interference by Na* and K* ions with the photo- 
meter readings for Mg. The precipitate was then dissolved 
final 
solution was between 25 and 


centrifuged and 


were carried out by means of 


mainly by 
method: 


and 
ash was dissolved in 2 ml. 


in very dilute HCl and water was added so that the 
concentration of Mg in the 
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50 mg./l. The emission was then determined at 371 my 
with the Beckman flame photometer. The concentration 
was evaluated from a curve for solutions of MgSO, contain- 
ing 10-50 mg. of Mg./l. 

Amino acids. These were determined by the colorimetric 
ninhydrin method of Troll & Cannon (1953). 

Volatile amines and ammonia. These were determined by 
microdiffusion procedures (Conway, 1957). 

Experiments with isotopes. #K, *4Na, **Rb and 1*1Cs were 
used. They were obtained from the Atomic Energy Research 
Establishment, Harwell. The counts from 0-35 ml. of the 
medium were recorded under similar conditions. 

Baker’s yeast. In all the experiments fresh baker’s yeast, 
as supplied by the Cork Yeast Co., was used. 


Uptake of cation at different external concentrations 


Suspensions were made of 1g. of washed centrifuged 
yeast (centrifuged at approx. 2500 rev./min.) in 5-200 ml. 
or more depending on the cation being examined. The 
suspending fluid contained 5 % (w/v) of glucose and varying 
concentrations of the cation. Mixing was effected by 
shaking or bubbling with air or oxygen. The fermentation 
was allowed to proceed at room temperature (average of 
18°) for a fixed time, samples being then taken and im- 
mediately centrifuged for 5 min. at about 2500 rev./min., 
the holders for the centrifuge tubes containing ice-cold 
water. The supernatant fluid was removed and the pellet of 
yeast washed twice with ice-cold water, and centrifuged in 
a similar manner each time. Alternatively, as with 
potassium uptake, the supernatant fluid was analysed for 
change in concentration. In this case the suspension was 
usually 1:5 (w/v). 

The mixture was maintained at about pH 6 either by 
using the citrate or the acetate of the cation, or, as with 
MgCl,, by adding small amounts of lithium carbonate 
With citrate or acetate, 
either the volume of the suspending fluid was relatively 


throughout the fermentation. 


large, or the time of fermentation was comparatively 
short, so that the buffering, even with the acetate, was 
such as to prevent much change of pH. In general, with 
the neutral salt the pH very quickly changed to near 6-0 
and did not drop below about 5-9. In experiments where 
a greater constancy of pH was desirable, as in examining 
effects of competition at about pH 7-2, the suspending 
fluid contained 2-amino-2-hydroxymethylpropane-1:2-diol 
(tris) buffer (50 mm) (Gomori, 1946). This buffer has pK 8-1 
at 23° and was shown to have no inhibitory effect on the 
respiration of rat-kidney slices by Barron (1946), or on 
enzymes such as alkaline phosphatase, and is not appreci- 
ably absorbed by fermenting yeast. The buffer mixture was 
prepared by incorporating 45 ml. of n-HCl in 11. of the 
0-05m pure base. The time allowed for the fermentation 
varied from 10 min. with K to 30-120 min. with Mg. 

From the data obtained the K,,, values corresponding to 
the Michaelis-Menten constants under the experimental 
conditions could be determined either directly from the 
graphs of uptake against external concentration, the con- 
centration corresponding to half the maximum uptake 
being taken as the K,, value, or by applying equation 4 in 
the Theoretical section. 


Competition in uptake of ions 


Fermenting yeast. The experimental condition’ were 
as described above except that a second competing 


EK. J. CONWAY AND F. DUGGAN 


species was 


1958 


cation introduced into the 
fluid. 

The competition of the two cations, or the inhibiting 
effect on uptake of the one by the other, was then examined 
by maintaining the concentration of one constant and 
varying the other, and applying the equations 4 and 5 
in the Theoretical section based on Michaelis-Menten 
kinetics. 

It was also examined by determining the concentration 
of one ion required to depress the uptake of the other by 
50% with the external concentrations maintained 
approximately constant. In the latter case the results 
could be expressed as relative transport affinities, with K 
taken as 100. The figure could be calculated as 


A =[K]/[X]p.; x 100, 


suspending 


where [X]).; is the external concentration of the second 
inorganic cation species depressing the uptake of K by 
50%. This relative affinity could also be expressed as 
A=100 x K;,/K,,, where K,, and K,, are the Michaelis- 
Menten constants (see Theoretical section) for the K* ion 
and the competing ion respectively. 

For examination of the effect of another cation on the 
uptake of K in this way, the latter was present usually as 
2 m-equiv. of potassium citrate/]., concentration of the 
other cation being varied. Ten minutes was usually allowed 
for the fermentation. 
species was maintained constant and the concentration of 
K varied. The pH was maintained at approx. 6-7 as 
described above. 

Sodium-rich yeast. The sodium-rich yeast was prepared 
by suspending washed and centrifuged yeast at room 
temperature (18°), 1:20 (w/v) of 5% glucose containing 
0-2m-sodium citrate for 2hr. After two washes with 
20 vol. of tap water, the Na content of the centrifuged 
yeast was usually 50-80 m-moles of Na/kg. (Conway & 
Moore, 1954; Conway ef al. 1954). 

Samples (1 g.) of the sodium-rich yeast were then sus- 
pended in 20-200 ml. of a solution containing a constant 
concentration of a given ion species and varying concen- 
trations of KCl, and the concentration of the latter required 
to reduce the ion uptake by 50% was determined. 

Stoppered flasks of about 500 ml. capacity were half-filled 
with the yeast suspension and shaken for 90 min., samples 


Alternatively the second cation 


for analysis being removed immediately before the shaking 
and at the end. These samples were immediately centri- 
fuged and washed twice with about 20 vol. of tap water; 
the concentrations of K and of the competing cation were 
then determined. 

The relative affinity of the cation with respect to K could 
be expressed as before by A =100 x[K]/[X]p.;, where [K] 
and [X] .,; are the concentrations of both cations at one- 
half the full rate of uptake of K. 


Effects of amino acids on excretion of 
sodium from sodium-rich yeast 


Twenty-four amino acids were investigated. A portion 
(1 g.) of washed and centrifuged sodium-rich yeast was 
suspended in 20 ml. of 5 mm-solution of each amino acid at 
approx. pH 6, small amounts of NaOH being added if 
necessary to bring the pH to 6. The suspensions were 
treated as described above, and the excretion of Na after 
90 min. was compared with the excretion into water at the 
same pH. 
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Procedure used for the determination of 
concentration of the cation carrier 


The principle of this determination is described later in 
the Results section. A sample (5 g.) of freshly washed and 
centrifuged yeast was suspended in 2-5 ml. of a solution 
containing 5% (w/v) of glucose and 20 mm-magnesium 
acetate, and cooled to 4—5°. Potassium chloride was then 
added as 0-5 ml. of a solution containing 7-10 mm-KCl, 
including sufficient **K for satisfactory counting. 

After adding the labelled KCl, 30 sec. was allowed, with 
shaking, for the uptake of K by the carrier. During this 
time there would occur an active transport of only about 
0-02 m-equiv. of K/kg. of washed and centrifuged yeast 
(this will appear from Fig. 7). A sample (3 ml.) was 
removed and centrifuged immediately for 2 min. at 
2000 rev./min. in cooled centrifuged tubes (jacketed in 
water at 0°). The upper layer of the supernatant fluid was 
at once removed. 

To a suspension similarly treated 0-1 ml. of 0-5M-RbCl 
was added 30sec. after the addition of the labelled KCl 
solution, and the suspension was shaken for 30 sec.; a 
sample (3 ml.) was then withdrawn and centrifuged as 
before, the supernatant fluid being removed at once. 
Counts were then carried out on the supernatant fluids, and 
the increase in external K caused by introducing the RbCl 
was expressed as m-equiv. of K/kg. of the centrifuged yeast. 


THEORETICAL 


Relation of rate of uptake to external cation concentration. 
The presence of only one species of metal cation in the 
external fluid is considered, and the external H™ ion con- 
centration is assumed to be negligible. It is also assumed, 
for illustrative purposes, that the cyclically re-formed 
carrier is the reduced form (M_) of a metal-redox system 
(this having the merit of being the simplest hypothesis 
interpreting the facts, and for which there is now much 
evidence, e.g. Conway, 1951, 1953, 1955; Foulkes, 1956). 
The metal-redox system receives electrons through the 
passage of H atoms, as from a flavine. 

The carrier molecule at the external surface of the 
membrane forms a complex with a cation B* in the external 
solution. This complex, interpreted as of a physical kind, 
may bewrittenM, *B * and the formation expressed by the 
equation 

kb, 
M, +Bt=M, -B*, (1) 
ky 


where k, and k, have high values compared with those of 
other kinetic constants of the system. The complex then 
moves in the membrane and transfers its electrons on the 
inner side to another acceptor, releasing B* into the cells. 
If the rate at which the oxidized form M, is again reduced 
is much faster than the rate of the passage of the complex 
through the membrane and that of the passage of its 
electrons to another system, then the total concentration 
of the carrier molecules, [M, ]+[M, *B*], may be re- 
garded as constant with respect to changes of [B*]. 
From equation 1 it may be deduced that 
[M, -B*} [B*] 


(M, ]+{M,-B*)~ K,, +[B"]’ " 
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where K,,=k,/k,. If the rate of transport of B* into the 
cell, written v, is proportional to [M, *B*] then the maxi- 
mum rate is proportional in a similar way to 
(M, ]+[M, -B*, 

and one obtains the relation 

- V[B*] (3) 

Km , [B* |’ 

which is in the usual form of the Michaelis—Menten equa- 
tion. [It may be pointed out here that the derivation of 
equation (3) would also follow, whatever the nature of the 
carrier system, provided that its total concentration was 
constant independent of changes in the external concen- 
tration of the transported cation.] 

When the substrate concentration is such that the rate of 
uptake is one-half of the maximum, and written [B*],.;, 
then K,,=[B*"].;. For this estimate it is necessary to 
know the full curve of rate of uptake with varying external 
[B*]. Also, if a second cation species is added so that a 
maximum rate of uptake (V) already in being is reduced to 
0-5V, then it may be assumed, as a first approximation, 
that the carrier is being equally shared by the two ions and 
the ratio of the concentration outside the yeast cell varies 
inversely with these K,,, values. 

It is often convenient to arrange equation (3) in the form 

1 1 nS 

= pea 0 ae ae (4) 

» [B'] J J 
(after Woolf, as noted by Haldane & Stern, 1932; Haldane, 
1957; also used by Lineweaver & Burk, 1934, and subse- 
quently by many others). On plotting 1/v against 1/[B*], 
the slope of the line gives the value of K,,/V and the inter- 
cept on the ordinate that of 1/V. 

Where an inhibitor, which is here a second cation species, 
competes for the same active site as the first, equation (4) 
may be written 


z 1 Be feet. Ss 2 
—— a l+—|+=, (5) 
oe Pe") J} | K, | y 


tn 


m 


where [J] is the concentration of the second cation species, 
and K, the constant similar to K Here the effect of the 
inhibitor acting on the same active group is to cause an 
se of the slope of the line 1/v against 1/[B™], but the 
intercept on the ordinate remains the same. 

When the inhibitor acts on some group other than that to 
which the first cation species is attached (non-competitive 
inhibition), the slope of the line is increased, but the inter- 


m* 


iner 





cept on the ordinate is also increased by the same factor. 

An effect similar to non-competitive inhibition could be 
produced if the second and inhibiting cation species slowed 
the movement of the carrier through the membrane. 

Lastly, there may be mentioned the case where the 
inhibitor acts not on the free carrier, but only on the com- 
pound of carrier and cation (and at a different site from the 
first species). The slope is then unchanged but the intercept 
is increased. 

The application of equation (4) to yeast metabolism was 
shown by Hopkins & Roberts (1935) and by Gottschalk 
(1944). Recently these equations were used by Rothstein 
(1955) in his investigations on various inhibitions of fer- 
mentation and of respiration in yeast. 

Epstein and co-workers (Epstein & Hagen, 1952; Epstein 
& Leggett, 1954; Epstein, 1955) have also used them in an 
extensive series of investigations in connexion with the 
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absorption of alkali and alkaline-earth cations, as well as 
sulphate, in barley roots. Their findings, in so far as they 
are relevant to the present investigations with yeast, are 
considered in the Discussion. Here the inhibition of uptake 


of Na by K* ions is studied in a similar fashion. 


RESULTS 
Rate of uptake of K* ions with varying 
external concentrations of K* ion 


It has been shown that with unbuffered suspensions 


(lg. of yeast/0-6 ml. of suspending fluid) the 
uptake of K increases with the external K* ion 


concentration (Conway & O’Maliey, 1946), the K 
ions exchanging for H™ ions, and the pH falling to 
1-6—2-0) the 


previous conditioning of the yeast. When the pH is 


low levels (about depending on 


maintained in the region 5—7 with relatively large 
volumes of the suspending fluid, and potassium 
acetate or citrate, the maximum uptake per unit 
time increases markedly and a maximum is reached 
level of external K* ion concentration, 


at a low 


about 1-6 mm (Fig. 1). This may be explained by 


relative competition of K* and H™ ions for the 
18 
aes rsp $a, 
Se 
= 12 
~ 210K 
° 2 08 
L 506 
s ° 
a ¢ oO 
SE 0-4 
02 
0 1 2 3 4 5 6 7 8 
K* ions in external fluid (m-equiv./I.) 
Fig. 1. Rate of uptake of potassium by fermenting yeast 
at pH 5-6. Medium contained 1 g. of yeast/20 ml. of 


5% glucose and potassium as citrate; 10min. was 
allowed for the fermentation and the potassium decrease 


in the external solution was measured. 


0 20 40 60 80 100 120 


Time (min.) 


id Ww a w 
oO oO So oO 


= 
oO 


Uptake of K* ions (m-equiv./kg.) 


Fig. 2. 


yeast (1:20, w/v, suspension in 5% glucose and ‘0-2 m- 


Time curve of uptake of potassium by fermenting 


potassium acetate); approx. pH 6. 
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carrier, the H* ion competition rapidly declining 
with increasing pH. 

The net uptake of K* ions at pH 5~—7 increases 
almost linearly with the time up to about 60 min. 
at room temperature and then comes somewhat 
abruptly to an end (Fig. 2), after which there may 
even be some loss of K from the yeast cells. 


Rate of uptake of other inorganic cations 


Fig. 3 shows the rate of uptake of K, Rb, Na and 
Mg as m-equiv./kg. of centrifuged yeast, plotted 
against the external concentrations. The pH. values 
were at or near to 6. Each cation species was 
present alone (apart from the very small concen- 
tration of H Rb (rubidium 


chloride), with which the pH was maintained by 


ions), except for 
10 mM-magnesium acetate, Mg at this concentra- 
tion interfering very little with the uptake of Rb. 
Fig. 4 shows the application of equation (4) to the 
uptake of K* ions in one series of experiments 
under the above conditions, and Fig. 5 illustrates 
a series on uptake of Rb” ions. 

Competitions between inorganic cations for the 


carrier in uptake of tons 


Table 1 gives a list of the results obtained, both 
for fermenting yeast and non-fermenting sodium- 
rich yeast, with the method by which the concen- 


tration of one ion which causes a 50 % inhibition of 


0 
the uptake of another is determined, with K™ ion 
as the standard species. 

The values give the transport affinities relative 
to that of K* ion, taken as 100. The similar values 
obtained under the two conditions suggest that a 
It may be inferred 
from Fig. 3, or by applying equation (4) to the lines 


single mechanism is at work. 


in Figs. 4 and 5 and the lower line in Fig. 6, and 





0 20 40 60 80 100 120 140 


Concn. in external fluid (m-equiv./I.) 


Fig. 3. Comparison of rates of uptake of K, Rb, Na and 
Mg by fermenting yeast with varying concentrations of 
cation in the external fluid; the yeast was suspended 
(1 g./20 ml.) in fluid which contained 5% of glucose 
(w/v) and was buffered to approx. pH 6. @, Potassium; 


\, rubidium; O, sodium; (J, magnesium. 
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from the results given for magnesium in the next 
paper (Conway & Beary, 1958), that while the 
relative transport affinities vary greatly from K* to 
Mg?+ and hundreds of times, the 
maximum uptake rates vary comparatively little, 
though these rates are reached at widely different 


over some 


external concentrations. 


1-0 


0-9 


0-8 


0-7 


0-6 


0-5 


0-4 


0 0-8 1-6 2:4 


1/[K*] 


Fig. 4. Double reciprocal graph of 1/v against 1/[K*], 
where v is the rate of uptake of K* ions (m-equiv./kg./ 
min.) by the fermenting yeast, and [K*] is the external 
potassium concentration, the conditions being the same 
as for Fig. 1. 


1:5 
1-4 
1-3 
e 
1:2 
1/v 
1-1 
1:0 
0-9 
0 0-1 0-2 0-3 0-4 
1/[Rb*} 
Fig. 5. Double reciprocal graph 1/v against 1/[Rb*], where 


v is the rate of uptake of Rb* ions (m-equiv./kg./min.) 
by fermenting yeast, and [Rb*] the external rubidium 
concentration, the conditions being the same as for 


Fig. 3. 
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Do inorganic cations compete for the same 
active group on the carrier? 


This was studied by using the inhibiting effect of 
K* ions on the rate of uptake of Na™ ions and the 
double reciprocal graph of 1/v against 1/[B*]. To 
ensure a constancy of pH tris buffer was used. The 
washed and centrifuged yeast 
(1 g./20 mol.) in fluid containing 5% of glucose, 
5 mM-potassium acetate, varying concentrations of 
50 mm-tris buffer. The fer- 
mentation was allowed to proceed for 30 min. at 


was suspended 


sodium acetate and 
room temperature, air being bubbled through the 
suspensions. After 30min. the suspension was 
centrifuged, washed twice with water and centri- 
fuged, the Na content being determined as de- 
scribed in Methods. 

Fig. 6 shows that the results correspond with the 
requirement for competition for the same active 
group. 

The regression lines: 


without K* ions in the suspending fluid 


I i 
[Na*] 


1/v = 26-1 x 


with 10 mm-K* ions 


1/v= 45-9 x 3 + 0°35, 
[Na™] - 

show that the intercepts on the ordinate are the 
same. Here the uptake rate v for the Na” ion is 
given as m-moles/kg. of centrifuged yeast/min. at 
room temperature and [B*] is given as m-moles/I. 
of external fluid. 

It will be shown in the next paper that a similar 
picture is presented for the inhibition of uptake of 


Mg?* ions by Rb” ions. 


Transport affinities of organic 
cations during fermentation 
A group of substituted ammonium ions (ethyl- 
amine, ethanolamine, taurine, acetamide, glycine 
and alanine) was examined as described in Methods. 


Table 1. 
The relative transport affinity of a cation was determined 
from the relation [K]/[X]p.; x 100, where [K] and [X] are 
the concentrations of potassium and the cation investi- 
gated, when the uptake of potassium is depressed by 50%. 


Relative affinities for cation carrier 


Figures in parentheses give the number of experiments. 
Relative transport 


Relative transport affinities in sodium- 


Cation affinities during rich yeast, 
species fermentation not fermenting 

K 100 100 

Rb 42 (2) 37 (2) 

Cs 7 (3) 8 (2) 

Na 3-8 (4) 

Li 0-5 (2) 0-9 (2) 

Mg 0-5 (3) 0-5 (2) 
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The uptake of the NH," ion was also examined, 
and the results are expressed in terms of transport 
affinities, taking that of the K* ion as 100. The 
results are summarized in Table 2. 

The relative transport affinity for ethylamine is 
quite appreciable, about one-tenth of that of K; 
those for glycine and alanine were not measurable 


0 0-01 0-02 0-03 0-04 0-05 
1/{Na*] 

Fig. 6. Demonstration of competitive inhibition of uptake 
of sodium by potassium during fermentation: A, 
sodium acetate alone; @, sodium acetate with 5 mm- 
potassium acetate. Yeast was suspended (1:20, w/v) in 
a solution containing 5% of glucose and 50 mm-tris 
buffer; 30 min. was allowed for uptake. Abscissa is the 
reciprocal of the sodium concentration (mm) and the 
ordinate the reciprocal of the rate of uptake expressed as 
m-equiv. of sodium/kg. of yeast/min. While the slope was 
changed by the presence of K, the intercept of 1/v on the 
ordinate remained the same, indicating competition for 
the same active site (see equation 5 in the Theoretical 
section). 


Table 2. Effect of structural variation 
on relative affinity 
Two experiments were carried out with each ion species. 


Relative transport 


Cation series affinities 


Potassium 100 

Ammonium 21 

Ethylamine 9-2 
Ethanolamine 1-4 
Taurine 0-2 
Acetamide 0-4 
Glycine 0-0 
Alanine 0-0 
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under the conditions. The values for ethanolamine, 
acetamide and taurine ranged from 1-4 to 0-2 % of 
the value for K. 


Relative transport affinities of 24 amino acids, as 
measured by the excretion of sodium from sodium- 
rich yeast 
The procedure has been described in Methods, 

and the results are shown in Table 3. The amino 

acids examined can be divided roughly into three 
groups. In the first group, the increased excretion 
of Na over that into water owing to the presence of 
the amino acids ranges from 94 to 55 % (average of 

77 %) and this group includes only the basic amino 

acids. Four of the five have isoelectric points 

ranging from 7-59 for histidine to 10-76 for arginine. 

Concerning citrulline we have been unable to 

trace any data for the pK values or the isoelectric 

point; but from some preliminary titrations the 
isoelectric point can differ little from 6-0, and so the 
reason for the position of citrulline among the 
other basic acids in Table 3 is not at present clear. 

Since the increase in excretion of Na with K* 

(5 mm) 160%, the average 

relative transport efficiency of this group is as high 


ions amounts to 
as 59 (taking the K value as 100). 

The third group contains those amino acids 
causing a percentage increase of excretion of Na 
over that into water of + 28% to —10% (average 
of +11%). This group includes the dicarboxylic 
acids aspartic and glutamic, as well as glycine, 
serine, alanine, threonine, valine and others. Such 
acids cause a relatively very small or negligible 
increase in excretion of Na. 

The second group, causing an increased ex- 
cretion of Na ranging from 49 to 29 % (average of 
41 %) includes the aromatic amino acids as well as 
asparagine and glutamine, cysteine and leucine. 
While such groups tend to merge into each other, 
one outstanding fact is that the basic amino acids 
cause very appreciable increase of Na excretion, 
and the dicarboxylic acids either little or no 
increase. The exact relative positions of particular 
amino acids as indicated in Table 3 can be con- 
sidered as only approximate owing to the inherent 
variability of the determination and the slight 
produced by many 


differences in the effects 


individual amino acids. 


Concentration of the cation carrier 
The principle used was to displace K from the 
carrier by excess of Rb and to measure the dis- 
placed K by the increased concentration of K in the 
suspending fluid. In principle 
special attention was paid to the following points. 
(i) It was found essential to use small concentra- 


applying this 


tions of external K, of the order of mm, and a 


relatively small volume of suspending fluid so that 
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Table 3. 
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Amino acids grouped in order of their efficiency in exchanging for sodium ions 


Three experiments were carried out with each amino acid, the average chosen being the median value. 


Average Nat 
ion excreted 
in 2 hr. 


that into water 


Increased Na 
secretion over Na excretion 


as % of that Isoelectric 





Amino acid (m-equiv./kg.) (m-equiv./kg.) into water point 
Group I 
Ornithine 17-5 8-5 194 9-7 
Arginine 17: 8-4 193 10-76 
Lysine 15-9 6-9 177 9-74 
Citrulline 15-0 6-0 167 - 
Histidine 14-0 5-0 155 7:59 
Group IT 
Norvaline 13-4 4-4 149 
Glutamine 13-2 4-2 147 
Phenylalanine 13-1 4-] 145 
Cysteine 13-1 4-1 145 
Tryptophan 13-1 4-1 145 
Tyrosine 12-5 35 139 
Leucine 12-0 5-0 133 
Asparagine 11-6 2-6 129 
Group ITI 
Proline 11:3 2°3 128 6-30 
Valine 11-0 2-0 122 5:96 
Glycine 10-9 1-9 121 5-97 
Threonine 10-4 1-4 116 . 
Hydroxyproline 10°¢ 1-3 114 5-83 
Aspartic acid 10-1 1-1] 112 2-77 
Methionine 10-0 1-0 11] 5-74 
Isoleucine 10-0 1-0 111 6-02 
Serine 9-1 0-1 101 5-68 
Alanine 9-0 0-0 100 6-00 
Glutamic acid 8-1 -0-9 90 3°22 


ions ( 


f external K 
2? 2 PF @ 2 Fe 
2 YY wth Ow Ni 


+ 


ofe 


5 
U 
0 10 20 30 40 50 60 
Time (min.) 
Fig. 7. Rate of uptake of potassium by yeast fermenting 


5% glucose at 4-5°, as shown by the decline in the 
external concentration. A, Values with a 1:2 (w/v) 


suspension; @, values for a 1:0-6 (w/v) suspension. 


o 


the displaced K would produce an appreciable 
the 
(ii) It was also advantageous to slow down con- 
siderably the rate of uptake of K into the yeast cell 
the to about 4-5 


relative increase in external concentration. 


by reducing temperature 


(Fig. 7). 


place K from the carrier but also from surface 


(iii) As excess of Rb would not only dis- 


proteins or surface fixed charges, 20 mM-magnesium 
acetate was incorporated into the suspending fluid 
to fill these sites with Mg?* ions. This concentration 
of Mg? 


place K* 


ions in the presence of mm-K would dis- 
ions from the active carrier site to the 
extent of only about 5-10 %. 
The efficiency of Mg? the 
the 


ions in occupying 


fixed surface-anion sites (as distinct from 
carrier) was shown as follows. The centrifuged and 
pressed yeast cells were disrupted by freezing in 
liquid oxygen and then thawing. There was then 
free communication between the external and 
internal fluids, as shown by the fact that inulin 
diffused very rapidly into all the water of the cells. 
The disrupted cells were washed four times with 
water. On suspending the centrifuged residues 
(corresponding to unit weight of the original centri- 
fuged yeast in 20 vol.) K 
depending on the pH of the external fluid. At 
pH 6, 4m-moles of K" 


were so adsorbed; but if 20 mmM-magnesium acetate 


ions were adsorbed, 


ions/kg. of original yeast 


were also incorporated in the suspending fluid only 


about 0-l1m-mole of K ions was adsorbed. 


Similar results were obtained with NaCl instead of 
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KCl. It was considered therefore that, in the 
experiments for the determination of the carrier, 
the displacement of K* ions by Rb” ions (but not 
by Na 


The results from seventeen experiments are 


ions) could be attributed to the carrier. 


summarized in Table 4. The mean values of dis- 
placed K as m-equiv./kg. of centrifuged yeast was 
0-104+0-007 (S.D.M.). 
account was taken of the fact that for centrifuged 


In calculating this value, 


yeast approx. 0-33 1./kg. represents free space for 
diffusion, made up of 0-231. of intercellular fluid 
and 0-1 1. of outer region of the yeast cell (Conway 
& Downey, 1950). 

Since the affinity of the Rb 
about 0-4 times that of the K™ ion, under the given 
conditions about 80% of the active groups of the 


ion for the carrier is 


carrier should be occupied by Rb™ ions and 20% 
by K* ions. Throughout the 30sec. interval the 
transport of K* ions may be neglected, but to 
arrive at a more exact figure for the operative 
earrier the mean value given above should be 
multiplied by 1-0/0-8, giving 0-13 + 0-009 m-equiv./ 


kg. of centrifuged yeast. 


Effect of hydrogen on the displacement 
of potassium by rubidium 


The above calculation refers to the carrier as it 
operates in the yeast suspension shaken in air. 
Under 
assuming the carrier to be a metal—redox system, 
that the whole of it will not be present in the 


these conditions it may be expected, 


reduced state which operates as the effective 
carrier. Similar experiments were therefore carried 
out in which pure hydrogen gas was bubbled 


through the suspensions, to produce both anoxia 


Table 4. 


by excess of Rb* ions, during aerobic and anaerobic 


Mean displacement of K* ions from carrier 


fermentation at 4-5°; also by Na* ions added 


similarly to Rb 


ions 


Yeast (4 g.) was suspended in 2-5ml. of 5% glucose 
containing 20 mM-magnesium acetate at 4-5°; 0-5 ml. of 
labelled KCl solution was added to make approx. mm- 
K* ion externally. After 30sec. 0-1 ml. of water, or 
0-1 ml. of RbCl or of NaCl solution, was added to bring the 
external solution to 10 mm. Samples were then centrifuged 
after a further 30 sec. and supernatant fluid was removed. 
In (1) and (3) the conditions were aerobic; in (2) hydrogen 
was bubbled through the mixture throughout the experi- 
ment. 

Mean values of 
displaced K+ ions 

(m-equiv./kg. of 
centrifuged yeast) 


Number of 


experiments 


lon used to 
displace K+ ions 


(1) Rb 17 0-104 +.0-007 (s.p.M.) 
(2) Rb 1] 0-194 +.0-022 (s.p.M.) 
(3) Na 5 — 0-054* 


* 


Each experiment gave a negative value. 


1958 
and a reducing atmosphere. The results were com- 
pared with suspensions of the same yeast through 
which air was bubbled. The results are summarized 
in Table 4, the amount of K displaced from the 
carrier being increased in the presence of hydrogen. 
From these results, the total available carrier 
present (expressed by m-equiv. of operative group) 
is approx. 0-194+0-022 multiplied by 1-25 
(=0-24 + 0-03). 
DISCUSSION 

The carrier considered above, since its affinity for 
K* ions is high compared with that for Na* ions 


and very high compared with that for Mg?* 
may be regarded as the physiological carrier or 


ions, 


mechanism for transport of potassium into the 
yeast cell, there being a comparatively very slight 
free diffusion of K* ions. Yet it is of interest, in 
view of the wide range of relative affinities, that the 
other inorganic cations when present alone (apart 
from H'* 
transported at maximum rates which do not differ 
much from that of K* ions. Such maximum rates, 
however, require external concentrations which 
vary inversely as the affinities. At about pH 6 K* 
ions are taken up at a maximum rate when 


ions and the balancing anions) can be 


potassium is present at or near to an external con- 
centration of 2mm. Also, this maximum rate of 
uptake is maintained only for about 60 min. or so 
and then comes rather abruptly to an end. The 
yeast cells from such time onwards may even lose 
some potassium. 


Application of Michaelis-Menten enzyme 
kinetics to the rates of uptake 


It is assumed that the carrier-ion complex here 
designated as M, *B* breaks up into M,+ Bt +e in 
proportion to the concentration of M, +B", just as 
an enzyme-substrate complex breaks up into free 
enzyme and the changed molecules of the sub- 
strate. 

The fate of the carrier-ion complex in this 
respect depends, however, on its passage through 
the membrane and the transference of the electrons 
to an acceptor group, and these two processes are 
assumed to be proportional to the concentration of 
the carrier-ion complex. Now, whereas for a single 
cation species and in a steady state this may be 
taken as approximately true, it is not true in com- 
paring the rate of uptake of one cation with 
another. In short, the rate of 
M, °-B* to M,+B*+e involves movement in the 
membrane and electron transference, the total rate 
of which is not likely to be the same from one 


breakdown of 


carrier-ion complex to another. 
With regard to the competition of a second 
cation with K* ions for the carrier, it would appear 


legitimate to hold that if the maximum rate of 
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uptake of K* ions is halved by a certain concentra- 
tion of a second cation, the K* ions are then 
occupying one-half of the active groups of the 
carrier. Yet this conclusion is subject to the 
following qualifications. 

(i) If the competing ion results in a more sluggish 
turnover of the carrier-transporting system, it may 
lead to a total increase of the reduced form of the 
redox system, or of the actual carrier molecules, 
owing to a damming back of the electrons along 
the line of passage. Thus it would take more of the 
second ion species to bring about a 50% reduction 
of transport than would be expected from a study 
of the uninhibited transport of the first cation 
species. Such may cause a shifting upwards of line 
in the double reciprocal graph as it approaches the 
ordinate. 

(ii) A similar effect may be caused by insufficient 
where the 
oxygen for electron acceptance. 

(iii) A third point that may lead also to incorrect 
conclusions is the assumption that the concentra- 


oxygen tension ion complex needs 


tions of external cations remains constant when 
relatively large uptakes occur. 

The conclusions of Epstein and co-workers that 
there are separate carriers for the potassium group 
(including rubidium and caesium), and for sodium 
in barley roots, based on the double reciprocal 
graphs, may be subject to some such errors as (i). 


It has been shown here that active transport of 


Na”™ ions into yeast can be brought about by the 
physiological carrier of potassium, depending on 
the conditions, and no special carrier of sodium, 
bringing the Na* cations from without inwards, 


need be assumed. While this is so for the uptake of 


Na* ions a specia! carrier must be assumed for their 
excretion, as shown in a previous paper (Conway 
et al. 1954), and this special sodium-excretion 
mechanism would appear to be a general endow- 
ment of cells. 


Concentration of the carrier 

The increase in the potassium-combining power 
of the carrier from 0-13 + 0-009 (fermenting aerobic- 
aily) to 0-24+0-03 (fermenting anaerobically) in 
a current of hydrogen gas accords with the view 
that the carrier is a metal—redox system. 

The yeast cell as a whole contains about 0-60 m- 
equiv. of iron/kg. and 0-06 m-equiv. of copper 
(Conway & Ryan, 1954). Most of the iron appears 
to be bound to or in the membrane or cell wall, 
as is suggested by the following evidence: when 
pressed yeast is frozen in liquid air and thawed, 
this being repeated a few times, the thawed cells 
are found to have all their cell walls disrupted, 
as judged by the free diffusion of inulin through 
all the water present. When the thawed cells 
are washed repeatedly with water and the iron 
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content of the residue is determined most of this 
remains. 

Foulkes (1956) has recently essayed a determina- 
tion of the potassium carrier by way of the combi- 
nation with azide, in accordance with the relation 

C+nHN, = C(HN,),, 

where C represents the carrier. By determining the 
hydrazoic acid concentration necessary to inhibit 
the transport of potassium by 50% Foulkes deter- 
mined the ‘K’ of this equation at 31° and at 21°, 
making then a calculation of its value at 0°. At 
the last temperature the amount of bound azide 
was determined at pH 5-8. From these data he 
calculated the total concentration of the carrier to 
be approximately 0-1 m-equiv./kg. of yeast, but 
interpreted it as a maximum value ‘as other cell 
constituents may significantly contribute to the 
binding of the azide’. 

The order of the figure obtained by Foulkes is 
thus the same as that obtained above, but the 
First, the 


inhibiting action of the azide may be exerted more 


following points require comment. 
on an intermediate electron carrier between the 
potassium-transporting compound and oxygen, but 
present in the cell wall or membrane. Secondly, he 
considers the existence of two potassium carriers, 
one affected by azide and operative in the non- 
fermenting sodium-rich yeast, the other being 
operative during fermentation and azide-insensi- 
tive. This statement appeared surprising to us, 
since we have regularly observed considerable in- 
hibition of transport of potassium by 2 mm-azide 
in fermenting yeast. As evidence, Foulkes notes 
very briefly in his paper, after commenting on the 
absence of inhibition of transport of potassium by 
cyanide during fermentation with sodium-rich 
yeast, that ‘similar results were produced with 
0:0005 M-azide’ without giving any details. It may 
be true that without glucose the effect of azide is 
greater (a fact with the 
necessary passage then of the electrons to oxygen), 


probably connected 
yet to describe the carrier of potassium during 
fermentation as being azide-insensitive is quite 
incorrect. 

It will be seen from the results given above that, 
whether during fermentation with fresh yeast or 
without fermentation and sodium-rich yeast, the 
cation carriage shows the same order of affinities, 
and from the nature of the evidence presented the 
assumption of two physiological carriers of potas- 
sium is unnecessary. 


Flux values of the cation transport 


The cation net transport may be expressed in 


terms of maximum flux values obtained with 
baker’s yeast at 18°, such influxes being described 
as moles/cm.?/sec. By regarding the yeast cell as a 
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sphere of radius 2-5 » and with a maximum rate of 
uptake of 22 m-equiv./kg. during the first 10 min. 
(Fig. 2) we obtain 4 »umoles cm.~? sec.~! maximum 
flux of the K™ ion. 

Values for the other cations range from this to 
about 1 »pmole cm.~? sec.—! for magnesium, though 
expressed as equivalents for magnesium the range 
1, These 


fluxes for single cation species are 


is from about 4 to 2upmoles cm.~ sec. 
maximum 
reached at very widely varying concentrations, the 
being several hundred 


concentration required 


times greater for magnesium than for potassium. 


SUMMARY 


1. At about pH 6-7 the physiological carrier of 


potassium can transport large amounis of other 
inorganic cations when these are present as the 
only cation species (apart from the minute H™ ion 
concentration) and in sufficient concentration. 

2. The relative affinities for the 
potassium, rubidium, caesium, sodium, lithium and 
magnesium, under the conditions investigated 
(determined by competition with the K~ ion), were 
approximately 100:42:7:3-8:0-5:0-5, yet the maxi- 
mum rates of uptake differed relatively little. Such 
maximum rates were reached at very different 
external concentrations; that for potassium was at 
about 1-6 mm™ whereas that for lithium was about 
300 mM. 

3. The 


against external concentration (1/v against 1/S) 


double reciprocal graphs of uptake 
show that the ions compete for the same carrier, 
this being illustrated by the competition data for 
sodium and potassium. 

4. The relative affinities of various inorganic 
cations for the carrier were determined with fer- 
menting yeast and non-fermenting sodium-rich 
yeast. The same order of affinities was found under 
both sets of conditions, indicating that the same 
carrier was operative. 


5. Measurement of the competitive effects of 


some organic cations on uptake of potassium 
that about 9% and 
ethanolamine 1-4% affinity of potassium for the 
carrier. Alanine showed no appreciable affinity. 

6. Twenty-four amino acids in 5 mm-concentra- 
tion were investigated for their effect on sodium 
yeast. The 
effective were ornithine, arginine, lysine, citrulline 


showed ethylamine had 


excretion from sodium-rich most 


and histidine, causing increases ranging from 94 to 
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55 %. 


Alanine and glutamic acid caused no in- 
crease. 

7. The binding power of the carrier expressed as 
m-equiv./kg. of yeast was determined by a special 
displacement of K™ ions from it with rubidium, and 
it was found to be 0-13 + 0-009 m-equiv./kg. in air, 
hydrogenation to 


increased by anoxia and 


0-24 + 0-03 m-equiv./kg. of centrifuged yeast. 
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Active Transport of Magnesium Across the Yeast Cell Membrane 


By E. J. CONWAY anv M. E. BEARY 
Biochemical Laboratory, University College, Dublin 


(Received 28 May 1957) 


In the preceding paper an account has been given 
of the general relations of the cation carrier in the 
yeast cell wall with different ions and conditions of 
transport. 

In this the effects of various factors on the active 
transport of magnesium are described. 


EXPERIMENTAL 


Analysis of magnesium, potassium and sodium. The 
methods used were the same as those described in the 
preceding paper (Conway & Duggan, 1958). 

Procedure. Fresh baker’s yeast (supplied by the Cork 
Yeast Co.), was twice washed. A portion (1 g.) of the 
yeast washed and packed by centrifuging was suspended in 
20 vol. of a medium containing 5% (w/v) of glucose and 
200 mmM-magnesium acetate (or chloride) and fermented for 
2hr. or longer. Before the analytical determinations all 
samples were washed twice in tap water after centrifuging. 


Uptake of magnesium by the cation carrier 


Fig. 1, curve A, shows the rate at which Mg is 
taken up by the veast cell from a suspension, the 
suspending fluid containing (at zero time) 0-2M- 


90 


tons 


Uptake of Mg?” 
nN 
° 


0 50 100 150 200 250 300 350 400 450 500 


Time (min.) 


Fig. 1. Rate of uptake of magnesium from 0-2m-MgCl, 
(curve A) and 0-2M-magnesium acetate (curve B); 1:20 
suspension (w/v), room temperature (average 18°). 


MgCl, and 5% of glucose. The suspension was 
maintained at approx. pH 6-3 (determined by the 
Beckman glass-electrode apparatus) by the addi- 
tion from time to time of small volumes of 0-1 N- 
NaOH, the amount added being recorded. 

In Fig. 1, curve B, the rate of uptake is shown 
when magnesium acetate (0-2M) is used instead of 
the chloride, the condition being the same but 
without addition of NaOH solution, the suspension 
remaining in the region of pH 6-5—6-0. The differ- 
ence between the two curves after about 4 hr. may 
possibly arise in part from the additions throughout 
of small volumes of 0-1N-NaOH to the magnesium 
chloride ions 


suspension, the Na competing 


appreciably for the carrier. 


Effect on uptake of magnesium of varying the 
external concentration of magnesium 


Results are shown in Fig. 2. It will be seen that 


the uptake of Mg?* ions as magnesium acetate 
increases with the concentration of Mg up to a 
level of about 300 mm. This contrasts with K™ ions, 
for which a maximum uptake is reached at about 
2mm in the external fluid (Conway & Duggan, 
1958), the 
with K than Mg. 


sarrier being more readily saturated 


20 


16 


12 


Uptake of Mg2+ ions (m-moles/kg.) 


0 80 160 240 320 400 480 


Concn. of Mg2+ ions (m-moles/I.) 


Fig. 2. 
external Mg?+ ion concentration. 
present as the acetate and the period of fermentation 


Effect on uptake of magnesium of varying the 
Magnesium was 


was 2 hr. 


18-2 








Effect of pH on the uptake of magnesium 

In Fig. 3 the effect of changing the pH in the 
suspending fluid is shown. The general conditions 
were the same as for Fig. 1, there being a 1:20 
(w/v) suspension of yeast, the external fluid con- 
taining 5 0-2mM-MgCl,. The up- 
take was determined over 2hr., the pH being 
maintained by the addition of 0-1N-NaOH. 

A similar curve (up to about pH 6) was obtained 


% glucose and 


with magnesium acetate, the pH being adjusted 
below 6 by addition of 0-1N-HCLl. 

In conjunction with the determination of the 
effect of pH on transport of Mg, that on uptake of 
K was also investigated. The uptake of K from a 
solution containing 10 m-equiv./l. as the citrate, 
and 5% glucose, was determined from the amount 
fluid after 
fermentation for 5 min. Two parts by volume of the 


of K remaining in the supernatant 


suspending fluid were used to one part by weight of 


28 


24 


Uptake of Mg2* ions (m-moles/kg.) 
w 


ae ee 
0 45 50 55 60 65 70 75 80 
pH 
Fig. 3. Effect of pH on the uptake of magnesium from 


MgCl, ; suspending medium contained 0-2m-MgCl, and 
5% glucose. The period of fermentation was 2 hr. 
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Fig. 4. Effect of pH on the uptake of potassium and 


magnesium. The uptake of both is expressed as m-equiv./ 
kg./15 min. Potassium and magnesium were present as 
the chlorides. 
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yeast and the pH was brought to different levels 
by the addition of N-HCl solution before fermenta- 
tion. Experiments were also carried out with 
50 m-equiv. of K/l. and allowing fermentation for 
15 min. 

Fig. 4 shows the effect of pH on uptake of Mg 
and K. 


Competition between magnesium and other 
inorganic cations for the cation carrier 


K” ions inhibit the active transport of Mg?* ions 
with an efficiency comparable with that of cyanide 
on cytochrome oxidase. This is illustrated in Fig. 5, 
where the uptake of Mg after 2 hr. from a 1:20 
(w/v) suspension with 0-2 M-magnesium acetate and 
5 % glucose is shown, the concentration of K in the 
While 


suspension in larger volumes of fluid would be 


suspending fluid being varied (curve A). 


advisable for comparisons (since there is a definite 
lowering of the external concentrations at lower 
levels of K* ion owing to uptake of K™ ions), the 
results are considered sufficiently exact for the 
present purposes. 

Inhibition of the uptake of Mg by 50% occurs 
when the K* 
shows that the relative affinities of K* and Mg?* 


ion concentration is 0-58 mM; this 


ions (expressing Mg concentration as milli-equiva- 
lents) are approx. 700:1. A curious feature of the 
curve in Fig. 5 is that it descends more slowly from 
the 50% inhibition level than would be expected 
theoretically on the basis of the Michaelis-Menten 
this be due possibly to a small 


kinetics ; may 


residual amount of absorption of Mg?+ ions by 


the second mechanism of uptake of Mg?* ions 
operating at about pH 3-5—4-5, which is not 
inhibited by K~ ions (Rothstein, 1954, 1955). 


The effect is not observed with MgCl, instead of 

magnesium acetate. 

100 
80 
60 
40 


20 


Uptake of Mg2* ions (%) 





0 2 4 6 8 10 12 14 
Concn. of competing ion at 
zero time (m-equiv./I.) 


Fig. 5. Effect of K* ions (curve A) on the uptake of Mg* 
ions from magnesium acetate (1:20 suspension, w/v). 
Uptake of magnesium is plotted as a percentage of the 
total occurring in the absence of K* ion. Effect of Rb 
and Cs* ions (curves B and C) on uptake of magnesium. 
Fermentation occurred for 2 hr. at room temperature. 
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Double reciprocal curves and inhibition 
of uptake of magnesium 


To study such curves, it was decided to select Rb 
rather than K, because its rate of uptake is only 
about one-third of that of K and this allows more 
accurate determinations. The 
similar to those of Fig. 5 (for K competition) except 


conditions were 


that the suspending fluid was in the ratio to cells of 


100:1 (v/w), and time of fermentation was only 
30min. The results of plotting 1/v against 1/S 
(v being the uptake of Mg/min., and S the external 
concentration of Mg) are shown in Fig. 6. The lower 
line is for uptake of Mg with magnesium acetate 
only in the external fluid. The upper line refers to 
similar conditions with 3 mm-RbCl present as well. 
Owing perhaps to the large amounts of the sus- 
pending fluid and the short period of fermentation, 
the pH was depressed only a little below 7; thus 
the uptake of Mg expressed as m-moles/kg. is 
higher than in the general uptake curve for Mg at 
about pH 6-3 (Fig. 1). From the double reciprocal 
graph (Fig. 6) it may be concluded that Rb” ion is 
competing for the same active carrier as the Mg 


ion, since the two chief characteristics of com- 





0 5 10 15 20 
103/S 


Fig. 6. Double reciprocal curve, showing interference of 
Rb* ions with uptake of magnesium; v is the uptake of 
magnesium/min. and S the external concentration of 
magnesium present as the acetate. The upper line (B) 
represents the uptake in the presence of 3 mm-RbCL. 
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petitive inhibition, increase of slope and no 
increase of intercept, are apparent. With non- 
competitive inhibition the line with Rb could be 


expected to cut the ordinate at the level 3-3. 


Ions exchanging with or accompanying 
magnesium across the cell wall 


During the large uptake of Mg over 7-5 hr. by a 


€ 


1:20 (w/v) suspension in 5% glucose and 0-2M- 


MgCl, maintained at pH 6, no uptake of Cl” ions 
occurred and there was no appreciable loss of K* 
ions. It may be concluded therefore that Mg?* ions 
Evidence for this exchange 
obtained as Washed, 
yeast (10 g.) was suspended in a fluid containing 
0-1M-MgCl, and 5° 
200 ml.; allowing 3ml. for the interspace, plus 


exchanged for H”™ ions. 


was follows. centrifuged 


© glucose to a total volume of 
outer region for free diffusion (Conway & Downey, 
1950), in the 10 g. of yeast, the total external fluid 
volume to be considered was 197 ml. This suspen- 
sion was immediately transferred to a 1 1. beaker, 
and O, bubbled through. The pH, measured with 
a Beckman glass electrode, was maintained at 
6-3 by adding 0-1M-2-amino-2-hydroxymethylpro- 
pane-1:3-diol (tris) buffer. The fermentation was 
maintained for about 4 hr., when samples were 
taken and centrifuged at once. A volume (20 ml.) 
of the suspending fluid was gassed with O, for 
about 20 min. to free it of CO,, a pH of 6-7 being 
then recorded, then titrated to pH 2-15 with 
N-HCl. The mixture was then titrated back with 
CO,-free N-NaOH; the mixture was covered with a 
layer of paraffin after a pH of 6 was reached. The 
tris base was standardized with N-HCl, being 
titrated to pH 6-7. 

Fig. 7 shows the back-titration. The base added 
neutralized the organic acid formed (to pH 6-3) 


11 
10 
09 
08 
07 
06 
05 
04 
03 
02 
ee gh 
0 30 40 50 60 70 80 90 100 110 
pH 


Vol. of N-NaOH (mi.) 


Fig. 7. Electrometric titration curve for 20 ml. of super- 
natant fluid, after fermentation and uptake of Mg for4hr., 
in the presence of tris buffer as described in the text. The 
20 ml. was first titrated to pH 2-15 with n-HCl. In the 
curve the free H'* concentration sub- 
tracted. 


ion has been 
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and any H 


ions excreted in exchange for Mg?* 
ions; any 
with O,. 
The organic acid excreted could be determined 
from the titration data: in the titration with HCl, 
the H* ions form free organic acid and increase the 


CO, had been eliminated by gassing 


H”* ions in the solution. Subtraction of the latter 
from the total gives the organic acid; titration 
of organic acid anions was complete at approx. 
pH 3. 

For the experiment here recorded (a second one 
gave similar results) the calculations gave 631 m- 
equiv. of base added/kg. of yeast, and 541 m-equiv. 
of organic acid. Thus 90 m-equiv. of base was 
required for neutralizing the free H™ ions excreted. 
The Mg absorbed over the 4 hr. was 84 m-equiv. 
(The Mg in the yeast at zero time was determined 
from a sample of a similar suspension made up 
without glucose.) These values are sufficiently close 
to allow the conclusion that the Mg?*+ ions absorbed 


exchanged for H”™ ions. 


Effect on the accumulated magnesium of suspending 


the yeast in 0-1 M-KCl or in tap water 


When Na has been accumulated by fermentation 
in the presence of a high concentration of Na” ions, 
it is actively excreted on subsequently suspending 
the yeast in water, and two to three times as fast as 
when suspended in 0-1M-KCl (Conway, Ryan & 
1954). 
appreciably 


Carton, Magnesium, however, is. not 
excreted into either tap water or 
0-1mM-KCl: a magnesium-rich yeast was produced 
by fermenting for 7-5 hr. in 5% glucose containing 
0-2M-magnesium sulphate. Portions of the twice- 
washed yeast were then suspended in tap water 
and in 0-1M-KCl for 90 min. at room temperature, 
while shaking in air. The results are shown in 


Table 1. 


Effects of various inhibitors and of anoxia on 


uptake of magnesium during fermentation 


Various inhibitors, as their Na salts, were intro- 
duced into the suspending fluid before fermenta- 
tion. An equivalent amount of Na (as NaCl) was 
used in the control experiment. The concentration 
of inhibitor outside the yeast cells was usually 
2 mM. 

To produce anoxia, fermentation was carried out 
in a small conical flask fitted with a rubber stopper 
having a capillary outlet. The suspending fluid 
practically filled the whole flask. The yeast was 
first allowed to ferment for about 45 min., the 
magnesium acetate was then added through a tap 
in the stopper and fermentation was allowed to 
proceed anaerobically. 
effect of 


Table 2 summarizes the cyanide, 


anoxia and azide, marked inhibition being pro. 
duced by each over a 2 hr. period. 

The action of 2:4-dinitropheno! is shown in 
Table 3. When magnesium acetate, propionate, 
butyrate or valerate is used as the magnesium salt 
in the external solution, practically no inhibition is 
caused by 2:4-dinitrophenol, but when the external 
magnesium salt is chloride or sulphate, an inhibi- 


Table 1. Effect on 


resuspending the magnesium-rich yeast in tap 


accumulated magnesium of 


water and 0-1M-potassium chloride 


In Expt. 3a, the resuspending fluids contained also 5° 


0 


glucose. All values are expressed in m-moles/kg. 


Conen. of 
Mg after 
reimmersion 


Conen. of 
Mg after 


Conen. of 


No. of Mg at for 90 min. reimmersion 
expt. zero time in 0-1M-KCl in water 
1 136-6 120-0 120-0 
2 100-0 103-3 
3 83-3 
3a 81-2 89-5 





Table 2. 


uptake of magnesium from 0-2M-magnesium acetate 


Effect of anoxia, azide and cyanide on the 


Uptake of Uptake of 
Mg?+ ion in Mg?* ion in 
the presence the presence 


of O, of inhibitor Inhibition 


Inhibitor (m-moles/kg.) (m-moles/kg.) (%) 
Anoxia 7-73 0-67 89 
Azide (2 mm) 13-35 1-87 87 
Cyanide (2 mm) 7-58 2-16 77 


Table 3. Effect of 2:4-dinitrophenol on the uptake of 
magnesium from the acetate, propionate, valerate, 
chloride and sulphate over a 2 hr. fermentation 


The inhibitor strength was 2 mm. 


Uptake 
of Mg in 


Uptake of Mg 


with 2 mm-2:4- 


Anion control dinitrophenol Inhibition 
(0-2 m) (m-moles/kg.) | (m-moles/kg.) (%) 
Acetate 5-0 5-0 0 
Acetate 5°85 6°3 7 
Acetate 6-7 6-7 0 
Acetate 11-7 10-0 15 
Acetate 8-4 8-4 0 
Propionate 10-7 10-0 8 
Propionate 8-4 9-2 10 
Valerate 7:1 5-0 30 
Average 8-0 7-6 4-5 
Chloride 13°75 0-0 100 
Chloride 8-4 3°35 60 
Chloride 6-65 1-67 75 
Sulphate 10:8 2-5 77 


Average 9-9 1-88 78 
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tion of about 80% was obtained. With magnesium 
chloride and sulphate, the pH was maintained by 
small additions of 0-1N-NaOH. 


DISCUSSION 


Large amounts of magnesium can be taken up by 
the cation carrier, there being a marked sensitivity 
to the pH. between 5-5 and 7-0. The uptake may be 
expected to involve an exchange for H”* ions, as has 
been shown for the uptake of K* ions (Conway & 
O'Malley, 1946). It has been shown here by similar 
excreted to 


methods that enough H*™ ions are 


account for the uptake of Mg?* ions. 

The uptake of magnesium is extremely sensitive 
to the presence of K™ ions and also to the presence 
of H* 


0-58 mo reduces the uptake of magnesium by 50%. 


ions. A potassium concentration of even 
This inhibition by potassium is a striking example 
of how an inorganic cation can inhibit an active 
process when present in concentrations of a similar 
order to that of cyanide when used for the inhibi- 
tion of uptakes of oxygen. It would appear that 
the effect can be explained only by the displace- 
ment of magnesium from the carrier. It also shows 
that this process of uptake of magnesium has no 
physiological significance, since it occurs only when 
magnesium is present alone as the external cation 
and in high concentration. 

The active uptake of magnesium by the cation 
carrier is characterized by the fact that it requires 
oxygen to be further transported into the cell and 
in this it is markedly different from the active 
transport of potassium; but since the primary 
carrier of the two ions is the same, this must be 
due to the inability of the carrier when carrying 
magnesium to transport electrons to whatever 
acceptor it uses in the anaerobic transport of K* 
ions. 

Of special interest is the observation that whereas 
the uptake of magnesium present as the acetate is 
inhibited by cyanide, it is independent of the 
presence of 2:4-dinitrophenol; this characteristic 
is also shared with magnesium propionate, butyrate 
and valerate. On the other hand, when magnesium 
is present as the chloride or sulphate it is inhibited 
by 2:4-dinitrophenol (in 2mm concentration). It 


therefore seems likely that the active transport of 


magnesium from magnesium acetate solution 
during fermentation is of the kind expected from 
the redox mechanism (Conway, 1951, 1953, 1955) 
rather than from a mechanism involving the active 
intervention of substances with energy-rich phos- 
phate. Also, the fact that potassium has over 400 
times the affinity for the carrier as magnesium 


indicates that the active carrier group is not part of 


a polyphosphate carrier. 


The evidence shows that Mg?+ and K* ions are 
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taken up by the same active carrier (in the region 
of pH 6-7), but oxygen is necessary for the uptake 
of magnesium and relatively little for the transport 
of potassium, and that whereas 2:4-dinitrophenol 
inhibits the uptake of potassium, it has practically 
no effect on the uptake of magnesium from mag- 
nesium acetate. The following explanation of these 
facts may be given provisionally in the light of the 
redox-pump theory. The complex of the carrier 
with potassium can transfer electrons to an 
acceptor, the existence of which at a suitable redox 
potential is maintained by the action of adenosine 
triphosphate, and in this way oxygen as electron 
acceptor is not necessary. The uptake of potassium 
will therefore be susceptible to 2:4-dinitrophenol, 
and but little to cyanide or anoxia. The complex of 
the carrier with magnesium cannot, apparently, 
transfer electrons to the same acceptor available 
for the potassium complex, but only along the 
cytochrome system to oxygen, and so the transport 
is susceptible to cyanide and anoxia, but not to 
dinitrophenol. 

In the pH 3-5-4:5 
actively taken up in the presence of phosphate and 


region of magnesium is 
potassium has no inhibitory effect. This system has 
been investigated by Rothstein (1954, 1955). This 
carrier would also appear to be that investigated by 
Schmidt, Hecht & Tannhauser (1949). 


SUMMARY 


1. Magnesium ions can be actively transported in 
large amounts across the yeast-cell membrane by 
the physiological carrier of K* ions. This occurs 
only when the Mg? ion is the only inorganic cation 
present in the external fluid in appreciable con- 
centration. 

2. The uptake of magnesium in this way from 
0-2m concentration is 50% inhibited by 0-58 mm- 
K* ion and is inhibited by other inorganic cations 
in varying degrees. 

3. The strongest 
magnesium is H 
not taken up by the same mechanism in appreciable 


inhibitor of the uptake of 
ion; below pH 5-5 magnesium is 


amounts. 
4. The uptake of Mg? 
anoxia or by cyanide (2mmM) and azide (2 mm). 


ions is inhibited by 
When present as the acetate, propionate butyrate 
or valerate it is not inhibited by 2:4-dinitrophenol 
(2mm) but it is inhibited by this when present as 
the chloride or sulphate. 

5. Even when large amounts of Mg?* ions are 
taken up, practically none come out on reimmersion 
in water or even in 0-1 M-potassium chloride during 
fermentation. 


Our thanks are due to the Medical Research Council of 
Ireland and to the Rockefeller Foundation for grants-in-aid. 
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The Synthesis of Tritiovaline and its Incorporation 
into Rat-Visceral Proteins 
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There are certain investigations in which it is an 
advantage to label an amino acid with a radio- 
active isotope other than “C. Tritium can be 
employed as a tracer where double labelling is 
required and in detailed investigations of metabolic 


pathways (cf. Arnstein & Crawhall, 1957). It is of 


value when the synthesis of the corresponding C 
compound is difficult (Pearlman, 1957), and it has 
great economical advantages in the biosynthetic 
preparation of labelled proteins where the efficiency 
of incorporation is low (Done & Payne, 1956). 


The difference in mass between the isotopes of 


hydrogen gives rise to a greater ‘isotope effect’ 
than occurs with isotopes of an element of higher 
atomic number (Eidinoff, 1953). We thought that 
this effect might not be appreciable if the tritium 
label were attached to the amino acid molecule at 
a site remote from that at which enzyme action 
occurs. To test this hypothesis we have prepared 
[f-*H]valine and have compared its rate of in- 
corporation into rat-visceral proteins with that of 
[y-4C]valine. A preliminary account of some of 
this work has been published (Crawhall & Smyth, 
1955). 


EXPERIMENTAL 


Radioactivity measurements 


Thin-window Geiger counter. This consisted of an Ecko 
EHM2S Geiger—Miiller tube coupled to a scaler and 
E.H.T. unit (Panax Ltd., Type 100C). A poly[4C]methyl 
methacrylate disk (1 c/g. supplied by the Radiochemical 
Centre, Amersham, Bucks) was mounted in a stainless- 
steel planchet (internal diameter 1-51 cm.). This had an 
activity of 1053 counts/min. (s.p. 1%) with a background 
count of 12/min. 

Windouwless flow-type counter. This instrument, described 
by Banks, Blow & Francis (1956a), was coupled to a scaler 
and E.H.T. unit (Panax Ltd., Type 100C). The same poly- 


[4C]methyl methacrylate standard gave 3362 counts/min. 
(s.D. 1%) with a background of 15/min. The method of 
counting solid tritium samples was described by Banks, 
Crawhall & Smyth (19566). It was necessary to use a 
tritium-labelled compound as a standard for tritium 
counting, as the windowless counter can show a greater 
daily variation of sensitivity to tritium emissions than to 
4° emissions. Certain compounds when mixed with 
graphite and mounted in planchets showed a greater 
decrease in count rate over a period of 3 months than could 
be accounted for by the natural rate of decay of the isotope. 
The 2:4-dinitrophenylhydrazone of [1:2-*H]isobutyralde- 
hyde, and [«-*H]cystine (Arnstein & Crawhall, 1957) had 
a reproducible count rate over a period of 2 years and were 
used as standards. At the time of the experiments reported 
in this paper the standard deviation in count rate of the 
tritium standards was 7%. This is a maximum value and 
has subsequently been reduced with different anode wires 
and is now only 2%. All comparative counts are the mean 


/Oo* < 
of three determinations made on the same day (s.pD. 2%). 


puL-[«B-8H] Valine 


Adams platinum oxide catalyst (100 mg.) was sus- 
pended in dry tetrahydrofuran (10 ml.) and reduced with 
hydrogen. 2-Phenyl-4-isopropylideneoxazol-5-one (1-0 g.) 
was then added and the apparatus (see Fig. 1) evacuated. 
The seal of an ampoule containing tritium (100 mc) was 
broken and the tritium transferred to the reaction vessel by 
using the gas burette as a Tépler pump. Inactive hydrogen 
was then added and mechanical stirring of the solution 
commenced. More hydrogen was added at intervals to 
maintain atmospheric pressure in the reaction vessel, and 
after 2 hr., when 120 ml. (theoretically 112 ml.) of hydrogen 


The catalyst was removed by centrifuging, and the solvent 
by distillation in vacuo at room temperature. 6N-Hydro- 
chloric acid (50 ml.) was added to the residue and the 
solution heated under reflux for 24 hr. The solvent was 
removed by distillation in vacuo, water (10 ml.) was added 


and the solution again distilled in vacuo to remove excess of 
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hydrochloric acid. The white crystalline residue was dis- 
solved in water (100 ml.), extracted with ether (20 ml.), 
the ethereal extract being discarded, and a saturated 
aqueous solution of silver acetate (84 mg.) was added. The 
resulting suspension was heated on a steam bath for 1 hr.; 
then the silver chloride was removed by filtration and 
washed with water (100 ml.). Hydrogen sulphide was 
passed into the combined filtrate and washings, and the 
precipitated silver sulphide removed by filtration. The 
solvent was removed from the filtrate by distillation in 
vacuo, leaving a white crystalline residue of valine (0-52 g., 
88% yield, m.p. 280-28 1-99 mc/m-mole). This repre- 
sents an overall recovery of isotope of 88%. Radio- 
activity measurements were performed on solid samples by 
the method of Banks et al. (19565). 





oe 


Degradation of {(«B-?H|valine 

Oxidation to isobutyraldehyde. {«B-*H]Valine (100 mg., 
9-9 1c/m-mole) dissolved in water (10 ml.) was heated with 
ninhydrin (600 mg.) and the product removed by steam- 
distillation for 20 min. The distillate was collected in a solu- 
tion of 2:4-dinitrophenylhydrazine (200 mg.) in ethanol 
(20 ml.) and cone. sulphuric acid (1 ml.). A thick yellow 
precipitate rapidly formed which, after two recrystalliza- 
tions from ethanol, yielded isobutyraldehyde 2:4-dinitro- 
phenylhydrazone (36-8 mg., 10-0 u.c/m-mole, m.p. 182°). 
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Oxidation to isobutyric acid. [«B-*H]Valine (200 mg., 
3°71 uc/m-mole) was oxidized with ninhydrin as described 
above, and the isobutyraldehyde was passed into a small 
excess of alkaline potassium permanganate solution. 
Manganese dioxide and excess of permanganate were re- 
moved by filtration, acidification with dilute sulphuric acid 
and addition of ferrous sulphate solution. The product was 
extracted with ether (3 x 10 ml.) and 0-5% ammonia solu- 
tion (3 ml.) was added to the combined ethereal extracts. 
The aqueous layer was separated and added to an aqueous 
solution of silver nitrate (300 mg., 0-5 ml.). The precipitate 
of silver isobutyrate (80 mg., 0-73 .c/m-mole) was isolated 
by centrifuging. 

Oxidation to {«B-H]Valine (150 mg., 101 pc 
m-mole) was boiled under reflux for 30 min. with chromium 
trioxide (0-3 g.) and acetic acid (5 ml.), and the product was 
steam-distilled into a solution of 2:4-dinitrophenylhydr- 
azine (300 mg.) in ethanol (20 ml.) and cone. sulphuric acid 


acetone. 


(1 ml.). After four crystallizations from ethanol, acetone 
2:4-dinitrophenylhydrazone (m.p. 124°, 58 mg., 
m-mole) was obtained. 


2-87 wc 


DL-[ B-7H] Valine 
[«B-*H]Valine (1-0 g., 4-1 uc/m-mole) was heated under 
reflux for 1 hr. with acetic anhydride (5 ml.) and acetic 
acid (20 ml.). The solvent was removed by distillation in 


—— Tritium ampoule 


H) 


YD 





—e Vacuum 


H) —o 






Fig. 1. Apparatus for catalytic hydrogenations with tritium. The tritium ampoule shown vertically in this diagram in 


fact lay horizontally behind the apparatus. The catalyst was first reduced with hydrogen and the plunger was 


| then withdrawn by a magnet so that the sample dropped into the solvent. 
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vacuo, leaving a pale-yellow oil. 6N-Hydrochloric acid 
(20 ml.) was then added and the solution was heated under 
reflux for 3 hr. The acid was removed by distillation in 
vacuo, the solid residue was dissolved in ethanol (10 ml.) 
and [f-*H]valine (0-6 g., 0-81 uc/m-mole) was precipitated 
by addition of aniline. 


pL-[«-8H] Valine 


pL-Valine (2-4 g.) was heated under reflux with acetic 
anhydride (30 ml.) and tritiated water (1-4 ml., approx. 
20 mc/ml.) for 1} hr. The solvent was removed by distilla- 
tion in vacuo. 6N-Hydrochloric acid (20 ml.) was added and 
the solution was heated under reflux for 6 hr. The acid was 
removed by distillation im vacuo, the solid residue was 
dissolved in ethanol (20 ml.) and [a-*H]valine (1-6 g., 
183 wc/m-mole) precipitated on addition of aniline. 


Administration of pu-[ B--H]- 
and Du-[y-4C]valine 


Two female albino rats (combined wt. 580g.) were 
starved for 24 hr., then were each fed with a mash con- 


taining twelve powdered food pellets mixed with 4-5 ml. of 


a solution (10 ml.) of pi-[8-*H]}valine (58-8 mg., 0°75 mc) 
and pL-[y-“C]valine (0-705 mg., 6-25 uc) which was ob- 
tained from the Radiochemical Centre, Amersham, Bucks. 
A portion (1 ml.) of this solution was retained as a control. 
The rats were killed 36 hr. later and were dissected im- 
mediately. 

Extraction of amino acids from visceral proteins. Liver, 
kidney, heart, lungs, spleen and gonads from each rat were 
homogenized together in 95% ethanol, and the homo- 
genate was washed twice with 95% ethanol (total vol. 
250 ml.) by centrifuging. The residue was then washed 
with trichloroacetic acid (21% w/v, 3x50 ml.). Finally 
the residue was washed with ethanol and ether, and dried 
at 37°. 
reflux 


The product was hydrolysed by heating under 
for 18hr. with 6N-hydrochloric acid (100 ml.) 
together with a trace of octan-2-ol to prevent frothing. The 
acid was removed by distillation in vacuo and the residue 
dissolved in water (200 ml.). The solution was approxi- 
mately neutralized, and sodium carbonate solution (10%, 
w/v, 75 ml.) and mercuric acetate solution (25%, w/v, 
75 ml.) were added simultaneously dropwise with stirring. 
Ethanol (400 ml.) was added and the mixture left at 0 
overnight. The precipitate formed was separated by centri- 
fuging, washed twice with ethanol (66%, w/v, 100 ml.) and 
suspended in water (200 ml.) and the suspension was 
saturated with hydrogen sulphide. Mercuric sulphide was 
removed by centrifuging, and the water by distillation in 
vacuo. 

Separation of valine. The mixture of amino acids was dis- 
solved in 1-5N-hydrochloric acid (10 ml.), and the solution 
was poured into an ion-exchange column (138 cm. x 3 cm.) 
packed with Zeo-Karb 225 ion-exchange resin (Permutit 
Co. Ltd., London, W. 4). The column was eluted with 
1-5n-hydrochloric acid, and the effluent fractions (50 ml.) 
were collected on a Towers fraction-collector. The first 2 1. 
of eluate contained glycine, alanine, serine, glutamic acid 
and aspartic acid. No amino acids were present in the next 
four fractions; then valine exclusively was eluted. The 
fractions containing valine were combined, the solvent was 
removed by distillation in vacuo and valine hydrochloride 
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separated from non-amino acid impurities by solution in 
ethanol. Valine (77-6 mg., 4-60 of *H/m-mole) was pre- 
cipitated by the addition of aniline to the ethanolic solution, 


RESULTS 


The reduction of 2-phenyl-4-isopropylideneoxazol- 
5-one with hydrogen on Adams catalyst, followed 
by hydrolysis of the product, gave an 88 % yield of 
valine, but the radioactive yield was only 9% of 
the nominal radioactivity of the sample of tritium 
(supplied by A.E.R.E., Harwell, Berks). 

To test whether hydrogen atoms were being 
absorbed from the hydrogen-tritium mixture pre- 
ferentially to tritium atoms, the hydrogen gas 
remaining in the reaction vessel at the end of the 
reduction was withdrawn, and a second reduction 
with this residual gas. Subse- 
quently more inactive hydrogen was added until 


was carried out 
this reduction was complete. Valine isolated from 
this reduction contained only 1% of the radio- 
activity of that from the first reduction, which 
indicated that of the 
absorbed in the first reduction. 

The oxidative decarboxylation of [«8-*H]valine 
with ninhydrin to isobutyraldehyde took place 


most tritium atoms were 


without loss of radioactivity. Analogous oxid- 
ations with alloxan, chloramine-T, hydrogen per- 
oxide and acidified potassium permanganate each 
gave rise to 7sobutyraldehyde in which no loss of 
radioactivity had occurred. These 
Table 1. 

It was shown by oxidation of [«x8-*H]valine to 
tsobutyric acid, which takes place with the loss of 
the «-hydrogen atom only, that the amount of 


results are 


summarized in 


tritium entering the « and £ positions as a result of 
the reduction of the double bond of the zsopro- 
pylideneoxazolone was not the same, and further 
that reductions carried out on different occasions 
gave 
entering the « and £ positions. The oxidation of one 
sample of [«8-*H]valine is described in the experi- 
mental section. The ratios of tritium in the « and f 


rise to a different proportion of tritium 


positions as the result of three other reductions are 
shown in Table 2. 
Table 1. 


valine 


Comparison of specific activities of [«B-*H)- 
and the corresponding 
dinitrophenylhydrazones derived by different oxid- 
ation procedures 


isobutyraldehyde 


isoButyraldehyde 
2:4-dinitrophenyl- 
hydrazone 
(uc/m-mole) 


Method of 
oxidation 


[~B-°H Valine 


(uc/m-mole) 


Ninhydrin 9-9 10-0 
Alloxan 9-3 9-1 
Chloramine-T 27-1 27-1 
Hydrogen peroxide 9-0 9-4 
Acidified potassium 9-0 8-7 


permanganate 
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These results were confirmed by treatment of 
{«B-*H|valine with hot acetic anhydride and acetic 
acid, as under these conditions the «-hydrogen 
atom of an amino acid is made labile. Valine was 
reisolated from the reaction mixture and the loss of 
radioactivity corresponded to that expected to be 
in the « position in accordance with the above 
Repetition of the acetic 
further 


oxidation experiments. 


anhydride treatment caused no loss of 
activity. 
Acetone 2:4-dinitrophenylhydrazone, obtained 
by oxidation of valine with chromium trioxide, 
contained about 3% of the original radioactivity. 
This small amount could be accounted for by con- 
tamination of the product with active isobutyralde- 
hyde dinitrophenylhydrazone, which might have 
been removed incompletely by recrystallization. 
Inactive acetone heated under reflux (under 
similar conditions) with chromium trioxide and a 
little tritiated water did not contain radioactivity 
when reisolated as its dinitrophenylhydrazone. 
This indicated that the hydrogen atoms of acetone 


were not labile under the conditions of this experi- 


ment and any tritium originally in the y position of 


valine would have been detected in the acetone 
which was isolated from its oxidation. It seems 
probable that only a very small proportion, if any, 
of the radioactivity resided in the y position of 
valine. 

[B--H]Valine, prepared as described above, was 
mixed with [y-C]valine and fed to two rats. 
Subsequently the valine was reisolated from the 
combined visceral proteins. The “C content of the 
isolated valine thin-window 
Geiger counter. The combined “C and *H activities 


was measured on a 


were measured cn a windowless flow-type counter 
(Banks et al. 19566). The contribution of 4C to the 
total count in the windowless counter was deter- 
mined by preparing a sample of [!4C]valine which 
was counted first on a thin-window counter and 


Table 2. Ratio of tritium attached to the « and B 
positions of valine obtained in four separate re- 
ductions of 2-phenyl-4-isopropylideneoxazolone 


Expt. no. «:B ratio 


] 2-16:1 
2 2-08: 1 
3 3°85: 1 
4 4:14:1 


Table 
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then on a windowless Geiger counter. The necessary 
correction was then applied to the count rate 
observed with the isolated and the *H 
activity was determined by difference. The ratio of 
4C to 3H in the prepared valine mixture was 
adjusted so that the contributions of C and *H to 
the total count in the windowless counter would be 
of the same order. The ratio of “C to *H in the 
isolated valine was found to be the same as that in 
the administered valine (Table 3). 

In a second experiment [«8-*H]valine alone was 


valine, 


fed, and the ratio of tritium in the « and f positions 
of the isolated valine was compared with that in the 
administered valine. Whereas initially the ratio of 
tritium in the « and f positions was 1-96:1, the 
ratio in the isolated valine was 0-76: 1. 


DISCUSSION 
Synthesis of Du-[«B--H jwaline 


We wished to have available a tritium-labelled 
amino acid which would be suitable for preparing 
radioactively labelled antibodies and decided to 
prepare tritium-labelled valine for the following 
reasons. The method described here is simple and 
the isotope is introduced only one stage before the 
final product is obtained. The isolation of this 
amino acid by the original method of Stein & 
Moore (1950) is easy; further, valine is an essential 
amino acid and so is not diluted by endogenously 
synthesized material. 
2-Phenyl1-4-isopropylideneoxazolone is a readily 
available unsaturated precursor of valine and the 
reduction of this oxazolone with hydriodie acid and 
Tolbert, 1952) and by 
lithium aluminium hydride (Baltazzi & Robinson, 
1953) has been reported. The reduction of 2- 
the 
sence of tritium with Adams catalyst gave a good 
yield of valine, but the radioactive yield was only 
9% of tritium nominally available. It has not been 


phosphorus (Adams & 


phenyl-4-isopropylideneoxazol-5-one in pre- 


possible to improve this radioactive yield. 

The possibility that hydrogen is being preferenti- 
ally used for the reduction is not supported by the 
observation of Williams & Ronzio (1950) that re- 
ductions can take place slightly faster with pure 
tritium than with hydrogen. Further, we have used 
the residual gas from our first reduction in effecting 
an analogous reduction on a second specimen of 


3. Comparison of the radioactivities of administered and isolated *H- and “C-labelled valine 


from rat-visceral proteins 


Counts/min. 
on windowless 
counter from #4C 


760 
650 


Administered valine 
Isolated valine 


Counts/min. 


on windowless Ratio 
counter from #H 14C 3H 
1472 1:1-94 

1321 1:2-06 
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tsopropylideneoxazolone ; the product was found to 
contain only a very small amount of radioactivity. 

The hydrogen at position 4 of 4-alkyloxazolones 
is labile in certain circumstances (Neuberger, 
1948), and there is a possibility that some tritium 
may have ionized before the ring was opened. All 
precautions were taken to keep the solvent an- 
hydrous and the temperature low before hydrolysis 
took place, and more tritium was found in the « 
than in the f position in the valine synthesized. 
Attenburrow, Elliott & Penny (1948) have shown 
that catalytic reduction of an alkenyloxazolone 
can take place in the oxazolone ring as well as in the 
side chain, but the high yield of product when 
only 1 mole-equiv. of hydrogen was absorbed makes 
this possibility unlikely in our experiments. Pearl- 
man (1957) also has observed an apparently poor 
incorporation of tritium during a catalytic reduc- 
tion, though his yield of product was high; further 
investigation is being made to test the hypothesis 
that some of the tritium may have been absorbed 
on the glass of the ampoule which contains it. 


Location of the tritium atoms in 


piL-[«B--H Jwaline 


Valine allowed to react with ninhydrin 
under the Virtanen & 


(1947). The zsobutyraldehyde which was isolated 


was 

conditions of Rautanen 
had the same specific activity as its parent valine. 
This retention of activity was observed also when 
valine was oxidized by acid potassium permanga- 
nate, hydrogen peroxide, chloramine-T and alloxan. 
Thus the «-H atom of valine is not made labile 
during oxidation to the corresponding aldehyde, 
as is required by the mechanism of Wieland & 
Bergel (1924). Bergel & Bolz (1933) and Herbst & 
Clarke (1934) have shown that «-substituted «- 
amino acids can be oxidized under mild conditions, 
with the liberation of carbon dioxide and ammonia. 
Thus the presence of an «-hydrogen atom is not 
essential for the reaction. A preliminary communi- 
cation discussing a possible mechanism for this 
oxidation has been published (Spenser, Crawhall 
& Smyth, 1956). Schoenheimer & Rittenberg 
(1935) drew attention to the lability of hydrogen 
atoms adjacent to carbonyl groups in aldehydes 
and ketones. There is much for the 
lability of hydrogen atoms that are « with respect 
to keto groups (Halford, Anderson & Bates, 1934), 
when enolization can occur; however, our experi- 


evidence 


ments indicate that the conditions used by us do 
not result in loss of hydrogen from the C-1 or C-2 
positions of isobutyraldehyde. 

In order to determine the distribution of tritium 
in the « and £ positions of our synthesized valine, 
this isobutyraldehyde was further oxidized by 
alkaline potassium permanganate to isobutyric 


acid, thus removing the hydrogen atom on C-1 of 


J. C. CRAWHALL AND D. G. SMYTH 


1958 


the aldehyde. The specific activity of the silver salt 
of the isobutyric acid was determined, the differ. 
ence between the specific activities of this salt and 
of the starting material representing the activity 
originally on the « position of the «8-tritiated 
valine. 

This distribution of tritium was confirmed by an 
alternative procedure. It seemed probable that the 
« hydrogen atom of valine would be removed under 
conditions which caused racemization of the amino 
acid (Neuberger, 1948). Attempts to remove the 
a-tritium atom from [«8-*H]valine by heating with 
alkali were unsuccessful, as valine appeared most 
resistant to racemization with alkali. Racemiza- 
tion of amino acids also occurs when an oxazolone 
derivative of the amino acid is prepared (Baltazzi, 
We that the specific activity of 
[«B--H]valine decreased when this compound was 


found 





treated with acetic anhydride under the conditions 
of Bergmann & Késter (1926). On repeating this 
treatment no further loss of radioactivity occurred. 
The two methods gave results in close agreement. 
The ratio of tritium in the « and £ positions was not 
unity, the isotope being concentrated in the « 
position. In all, four radioactive syntheses of this 
type have been carried out and the «: 8 ratios have 
not constant. Table 2 shows that in two 
experiments the ratio was approximately 2: 
in the others approximately 4:1. It is known that 
the energies of the C-*H and C—'H bonds are very 
different (Eidinoff, 1953), and further that the 
distribution of electrons about the C-4 atom of the 
oxazolone ring is different from that about the un- 
the side chain. It is 


been 
1, and 


saturated carbon atom in 
likely that the activation energy required to intro- 
duce a hydrogen isotope into one position is 
different from that of the other; thus more isotope 
might be expected to enter one position than the 
other. Possibly the catalyst operates in such a way 
that hydrogen atoms enter the extracyclic end of 
the double bond faster than tritium atoms do. 

It is more difficult to find an explanation for the 
variation in ratio of incorporation. Four experi- 
ments are too few to establish a statistical relation- 
ship; but, in fact, a different specimen of catalyst 
was used on each occasion, and we observed that 
where a rapid reduction took place the subsequent 
isotopic distribution was approximately 4:1, 
whereas with slower reductions the distribution was 
approximately 2:1. It may be that isotopic selection 
was not as prominent when a relatively inactive 
catalyst was used. A possible case of unsym- 
metrical incorporation of tritium has been reported 
by Glascock & Reinius (1956). It has been shown 
(Clarke, Johnson & Robinson, 1949) that labiliza- 
tion of hydrogen on C-4 of oxazolones occurs after 
ring closure, and this could have some bearing on 
the «:8 isotopic ratio observed in our valine syn- 








Vol 


thes 
less, 
fron 
ly 
rem 
trat 
is h 
to a 
labe 





ope! 
effe 
a-la 
inac 





T 
bee! 
pre 
effe 
adv 
isot 
nen 
Eid 
195: 
triti 
poss 
easi 
it ii 
spec 
A { 
triti 
can 
gas 
hi 
can 
if th 
rem 
isot 
pre] 
tion 
It 
tion 
that 
can 
&S 
loss 
mer 
The 
acet 
V 
fed 
isole 
5H: 
ratic 








1958 


salt 
iffer- 

and 
ivity 
ated 


y an 
t the 
nder 
nino 
the 
with 
nost 
1iZa- 
lone 
VZZi, 
of 
was 
ions 
this 
red. 
ent. 
not 
eo 
this 
lave 
two 
and 
shat 
ery 
the 
the 
un- 
t is 
tro- 
a 
ope 
the 
vay 
l of 


the 
eri- 
on- 
yst 
hat 
ent 

tk: 
vas 
ion 
ive 
m- 
ted 
wn 
Za- 


ter 


on 





Vol. 69 
thesis. That this ratio is greater than unity, and not 
less, suggests that very little migration of tritium 
from C-4 of the oxazolone takes place at the hydro- 
lysis stage. After completion of the reduction and 
removal of the solvent by evaporation, concen- 
trated hydrochloric acid is added and the solution 
is heated under reflux. These conditions must lead 
to a rapid opening of the ring, or much of the C-4 
label would be lost, whereas once the ring is 
opened the «-hydrogen atoms are stabilized. This 
effect is demonstrated in experiments in which an 
a-labelled amino acid is obtained by treating an 
inactive amino acid with acetic anhydride and 
acetic acid labelled at the carboxyl hydrogen. 
[x-8H]Valine was prepared in this manner in good 
radioactive yield. 


Incorporation of labelled valine into 
rat-visceral proteins 


The second isotope of hydrogen, deuterium, has 
been used in many investigations into biological 
processes, though the occurrence of an ‘isotope 
effect’ has been reported (Thorn, 1951). With the 
advent of tritium 
isotope, this ‘isotope effect’ has been more promi- 
nently demonstrated (Verly, Rachele, du Vigneaud, 
Eidinoff & Knoll, 1952; Glascock & Duncombe, 
1952) and has tended to discourage the use of 
However, tritium 


as a commercially available 


tritium as a biological label. 
possesses advantages over C in that it may be 
easier to incorporate into an organic molecule, that 
it is cheaper than “C, and that much greater 
specific activities can be obtained with tritium. 
A previous study of the methods of estimating 
tritium (Banks et al. 19566) has shown that it 
can be estimated in the solid state as well as in the 
gaseous phase. 

In spite of the considerable isotope effect which 
an occur with tritium, we thought it possible that, 
if the tritium were present in a molecule at a point 
remote from one exposed to enzymic activity, no 
isotope effect would occur. To investigate this we 
prepared [8-*H]valine and compared its incorpora- 
tion into proteins with that of [y-C]valine. 

It is known that valine can undergo transamina- 
tion in vivo (Cammarata & Cohen, 1950) and also 
that D-valine, after de-amination and re-amination, 
can be utilized in protein synthesis (White, Fones 
& Sober, 1952). Each of these reactions results in 
loss of «-hydrogen, and therefore for our experi- 
ment we compared [8-H ]valine with [y-'4C]valine. 
The former was prepared from [«8-*H]valine by the 
acetic anhydride treatment described above. 

When valine labelled with these two isotopes was 
fed to two rats and the visceral proteins were 
isolated after 36 hr., it was found that the ratio 
°H:C in the isolated valine was identical with the 
ratio 3H: 14C in the ingested valine. Clearly, during 
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the process of transference across the gut, and in 
the incorporation of valine into proteins, no 
significant isotope effect has occurred. [f-*H]- 
Valine is therefore suitable for studying protein 
biosynthesis. An earlier experiment has been 
described in a preliminary communication (Craw- 
hall & Smyth, 1955). 

In a second experiment in which [«f8-*H]valine 
was fed to rats, valine was isolated as in the first 
experiment. Some of the «-tritium still remained 
attached to valine after its incorporation into 
protein. Thus complete transamination of this 
acid has not the time 
interval of feeding and isolating isotopic valine. 
This result is in agreement with the observations of 
Sprinson & Rittenberg (1950) on a comparable 
experiment with deuterium-labelled leucine. 


amino occurred within 


SUMMARY 
1. The synthesis of [«8-*H]-, [8-*H]- and [«-*H]- 


valine is reported. 

2. The distribution of tritium between the « and 

B positions of [«8-*H]valine in this synthesis was 
found to be unequal, and varied in successive pre- 
parations. 
3. Oxidation of [«8-*H]valine with a variety of 
reagents to isobutyraldehyde takes place without 
loss of isotope, indicating retention of «-hydrogen 
during the reaction. 

4. [f8-*H]Valine is incorporated into rat visceral 
proteins at the same rate as [y-'C]valine. 

5. The «-tritium label of [«f-*H]valine is only 
partially removed during the incorporation of 
[«B-%H|valine into rat visceral proteins. 

We wish to express our gratitude to Professor A. 
Wormall, F.R.S., for his suggestions and encouragement 
during the course of this work, and to Miss E. Busk for her 
valuable technical assistance. 
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The Biosynthesis of a Tritium-Labelled Antibody 


By J. C. CRAWHALL, J. D. 


HAWKINS 


D. G. SMYTH 


AND 


De partment of Bioche mistry and Chemistry, The Medical Colle ge of St Bartholomew's Hospital, 
London. E.C. l 


(Received 12 September 1957) 


Antibodies labelled with a radioactive isotope were 
required for a biological investigation. Previously 
4C-labelled rabbit antibodies have been synthe- 
sized by Cohen, Holloway, Matthews & McFarlane 
(1956). 
these biosynthentic preparations and the high cost 
of C-labelled 


synthesize tritium-labelled antibodies to 


In view of the very low isotopic yield in 


precursors, it was decided to bio- 
bovine 
serum albumin in a rabbit by injection of DL- 
[«8-3H }valine. 

A rabbit was immunized against bovine albumin 
by three intramuscular injections of the alum- 
precipitated the 


directions of Proom (1943); 16 days after the last 


antigen made according to 
of these injections, when its serum contained a 


high concentration of antibody, the rabbit was in- 


jected intraperitoneally with vt-[«f-*H]valine 
(200 mg.; 3 mc) and a sample of blood was with- 
drawn from the ear 7-5hr. later, preliminary 


experiments having shown that the radioactivity 
of the serum proteins was at a maximum at this 
time interval after the administration of the radio- 
active valine. The blood was allowed to clot and the 
serum was dialysed against 0-9 % sodium chloride 
solution, containing about 0-2% of valine, with 
daily changes for a week to remove any free valine 
that might have been circulating in the rabbit’s 
plasma. 


The total serum proteins were precipitated at an 


ethanol concentration of 80 % (v/v). The precipitate 


95° ethanol and then with 


ether, and dried in vacuo. y-Globulins were separ- 


was washed with 


0 
ated by precipitation with sodium sulphate solu- 
tion, one precipitation at 15% (w/v), followed by 
12% (w/v) (ef. Kekwick, 1940). 
sulphate was removed from the precipitate by 


one at Sodium 


dialysis, and the y-globulin was_ reprecipitated 


Table 1. 
after 
3 mc) 


Radioactivity of various protein fractions 


injection of wvu-[«B-H]valine (200 my., 


Radioactivity measurements were made in a windowless 
flow-type counter by using 10 mg. samples mixed with 
10 mg. of graphite, as described by Banks et al. (1956). The 
observed activity of 110 counts/min. (last row of table) has 
been corrected for the non-radioactive antigen content of 
the The 
assumed to contain five-sixths of its weight of antibody, 


antigen-antibody complex. precipitate was 


a fraction which is regularly found when the precipitates 
are formed in the equivalence zone in this system (Francis, 


G. E. & Hawkins, J. D., unpublished observations). 


Observed Speeifie 
activity activity 
(counts/min.) (pC/g.) 
Radioactivity of total 363 50 
serum protein 
Radioactivity of y-globulin 244 3:4 
fraction 
Radioactivity of antibody 110 1-5 


to bovine albumin 


} 
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with ethanol (final conen. 80%, v/v); the precipi- 
tate was washed with ethanol and with ether and 
dried in vacuo. For the isolation of the antibody 
the serum was roughly calibrated for antibody 
content and antigen was added in such amount 
that the precipitate was formed in or near the 
equivalence zone. The precipitate was washed with 


0:9% sodium chloride solution and then with 
water, and dried in vacuo. The radioactivity 
measurements were made in a windowless flow 


counter as described by Banks, Crawhall & Smyth 
(1956). The results are shown in Table 1. 

If the total circulating plasma volume of the 
rabbit (4-13 kg.) is assumed to be 140 ml. and the 
plasma protein concentration 7 %, 9-8 g. of plasma 
protein will be circulating. Thus at 7-5 hr. the total 
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radioactivity incorporated into the plasma proteins 
was 49 uC, or 
The 
fraction can be increased more than 100-fold by 
the the 
methane and measuring the radioactivity of this 
gas (Banks et al. 1956). 


16% of the radioactivity admin- 


istered. actual count rate of the antibody 


converting hydrogen of samples into 


REFERENCES 


Banks, T. E., Crawhall, J. C. 
Biochem. J. 64, 411. 

Cohen, 8., Holloway, R. C., Matthews, C. 
A. 8. (1956). Biochem. J. 62, 143. 

Kekwick, R. A. (1940). Biochem. J. 34, 1248. 

Proom, H. (1943). J. Path. Bact. 55, 419. 


& Smyth, D. G. (1956). 


& McFarlane, 


The Use of Radioactive Isotopes in Immunological Investigations 


13. THE ROLE 
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RABBITS* 


HAWKINS 


Department of Biochemistry and Chemistry, Medical College of St Bartholomew's Hospital, London, F.C. 1 


(Received 28 June 1957) 


In a previous paper (Francis, Hawkins & Wormall, 
1957) the behaviour of 
trace-labelled 


intravenously injected 


native proteins in normal and 


immune rabbits has been described. It was shown 
that, provided that suitable doses of antigen were 
injected, the immune rabbits rapidly eliminated 
some or all of the injected protein from the blood 
stream by a first-order reaction whose half-life was 
of the order of 5—10 min. This rapid elimination was 
believed to be dependent on the reaction of the 
injected antigen with circulating antibody. It was 
therefore decided to the 
antigen that can be eliminated rapidly from the 


compare 


blood stream of an immune rabbit with the amount 
of antigen that could be precipitated in vitro by all 
its serum, under conditions as nearly comparable 
as possible with those prevailing in vivo. 

It was found that more antigen could be rapidly 
eliminated from the blood after intravenous in- 
jection than could be precipitated in vitro when the 
same amounts of antigen/ml. of serum were used in 
the two experiments. This suggested that the in- 
jected antigen might be reacting not only with 
circulating antibody, but with 
antibody not present in the circulation but capable 
of being made available with great rapidity. How- 


also additional 


ever, it as also possible that these two determina- 


* Part 12: Hawkins (1957). 


amount of 


tions were made under such different conditions 
that a direct comparison between them was not 
valid. In order to decide between these two possi 
bilities some similar experiments were carried out 
on rabbits 24 hr. or more after passive immuniza- 
tion, when all the antibody should be in the plasma 
or in fluids directly in equilibrium with it, and on 
different 
immunization schedule. 


rabbits at stages during and after an 
A further possibility was that this non-plasma 


antibody might be released from lymphocytes 
circulating in the plasma and lymph, or from 
lymphoid tissue, since these cells are known to 
contain antibody. 

Some immunized rabbits were therefore injected 
with cortisone, which has been reported to cause 
the liberation of considerable amounts of antibody 
from lymphocytes (Dougherty, Chase & White, 
1945), to see if this treatment would have any 
effect on the relative amounts of antigen elimi- 
nated rapidly from the blood stream and precipi- 
tated in vitro by the animal’s plasma. At the same 
time, both normal and immunized rabbits were 
injected with antigen, and total and differential 
leucocyte counts were made before and at intervals 
after antigen injection. The results of these experi- 
ments have confirmed and amplified those of 
Stavitsky, Stavitsky & Ecker (1949) and Stavitsky 


(1952). 
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A preliminary account of some of this work has 
already appeared (Francis, Hawkins & Wormall, 
1955). 





MATERIALS AND METHODS 


Antigens. Bovine-plasma albumin and horse-serum y- 
globulin were obtained and trace-labelled with I as 
described previously (Francis et al. 1957). 

Radioactivity measurements. These were made as de- 
scribed by Francis et al. (1957) except that in many experi- 
ments the radioactivity of blood samples was measured 
with a scintillation counter (Banks, Tupper, Watts & 
Wormall, 1955). The higher count rates obtained in this 
instrument (because of its greater sensitivity for the y-rays 
emitted by }*!I) make it possible to inject smaller amounts 
of “1. into the experimental animals. Thus as little as 2 yc 
of #511 is needed to give an initial count rate of approx. 
1000 counts/min./ml. of whole blood. 

Immunization. Rabbits were actively immunized with 
alum-precipitated antigens, by the method of 
(1943). For passive immunization sera from rabbits im- 
munized against bovine albumin were pooled and treated 
with Na,SO, (150 mg./ml. of serum) to precipitate the y- 
globulins (some «- and f-globulins were probably also 
precipitated). The precipitated sludge was freed from 
$0,2- ions by dialysis against 0-154mM-NaCl and then in- 
jected into the marginal ear veins of normal 


Proom 


rabbits. 
Owing to the high protein concentration (approx. 5%) the 
amount injected (usually 10-15 ml.) frequently proved 
fatal to rabbits, death commonly occurring 8-24 hr. after 
injection. This was overcome by taking from the rabbits 
before injection a volume of blood about twice as great as 
the volume of protein solution injected. 

Conduct of animal experiments. These were carried out as 
described by Francis et al. (1957). When horse-serum y- 
globulin was used as the antigen injections of 1 mg. of 
N/kg. body wt. were given, but when bovine albumin was 
used in single test-injection experiments the amount in- 
jected was approximately double that required to give 
maximal precipitation with the serum in vitro (as deter- 
mined by a rough calibration of a serum sample obtained 
from the animal immediately before commencing the 
experiment). These same relative injection levels were 
employed for both actively and passively immunized 
rabbits. Under these conditions, with bovine albumin, 
approx. 20-30% of the antigen and 50-60% of the anti- 
body are precipitated in vitro. 

Plasma-volume determinations. These were usually made 
as described by Francis et al. (1957). In the experiments in 
which leucocyte counts were made, it was considered un- 
desirable to inject a dye for determination of plasma volume 
in case any of it might be taken up by the leucocytes and 
modify their staining properties. Plasma volumes were 
therefore determined by the use of *!Cr-labelled red cells 
(Sterling & Gray, 1950). A measured volume (0-5-1-0 ml.) 
of the labelled cells was injected intravenously and samples 
of blood were collected from the opposite ear about 5, 10 
and 15 min. later. The circulating blood volume was calcu- 
lated from radioactivity measurements (in the scintillation 
counter) on measured portions of these blood samples and 
of a suitable dilution of the labelled cells, and the plasma 
volume was calculated by a simultaneous determination of 
the haematocrit 


value. For determination of antigen 
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persistence after injection of the 11I-labelled antigen into 
these rabbits, the plasma from the blood samples was 
separated and its radioactivity measured. The radio. 
activities of the injected *'Cr-labelled cells and I-labeled 
antigen were such that even if as many as 10% of the cells 
in any one blood sample were haemolysed while the plasma 
was being obtained and separated, the extra radioactivity 
released into the plasma would not have been more than 
2%, of that due to the antigen present. 

Theoretically, the determination of plasma volume by a 
method which actually determines red-cell volume is un- 
sound, for there is no justification for assuming that the 
haematocrit value is uniform throughout the vascular 
system. However, the errors introduced by variations in 
the haematocrit value are probably small and can reason- 
ably be neglected in the experiments described here. 

Leucocyte counts. These were done by conventional 
methods (cf. Kolmer & Boerner, 1945). In each differential 
count about 300 leucocytes were counted unless the total 
count was less than 1000/mm.*, when only 100-150 were 
usually counted. Leucocytes were classified as lympho- 
cytes, monocytes or granulocytes; the last class of cells 
was not further subdivided. 
reported in this paper since the number of these cells 
counted in any one sample was so low that any differences 


Monocyte counts are not 


between various blood samples were probably not signi- 
ficant. 

Calculation of results. Antigen-persistence curves were 
analysed graphically as described by Francis ef al. (1957). 
It was commonly found that the ‘fast reaction’ was a 
complex one and the curve representing it was not linear. 
In such cases extrapolation to zero time was done by visual 
inspection rather than by calculation. 

The object of many experiments was a comparison 
between the amount of antigen that the whole of an 


animal’s serum would precipitate in vitro and the amount of 


antigen actually removed from the blood stream by the 
‘fast reaction’. This has been achieved by expressing these 
two figures as a ratio which we have called the vitro/vivo 
ratio. 

The amount of antigen that the whole of an animal’s 
serum was capable of precipitating in vitro at the particular 
antibody/antigen ratio employed was calculated as the 
product of the plasma volume and the amount of antigen 
that a known volume of the serum would precipitate in 
vitro. Measured samples of antiserum obtained immediately 
before the injection of antigen were incubated with trace- 
labelled antigen in such amounts that the final antigen 
concentrations in the mixtures varied over a narrow range 
about the concentration which was expected to be found in 
the animal’s plasma immediately after injection. After 
incubation for 1 hr. at 37° the mixtures were refrigerated 
overnight and the amount of antigen in each washed pre- 
cipitate was determined by radioactivity measurements 
(Francis, Mulligan & Wormall, 1954). 

The term ‘apparent blood volume’ used for expressing 
results of measurements of the uptake of antigen by tissues 
has been defined by Francis et al. (1957). 


RESULTS 


Four rabbits immunized with horse-serum y- 


globulin and four immunized with bovine albumin 
were used in a preliminary experiment to deter- 


$$$ $$ re 
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Table 1. 
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Vitro/vivo ratios observed in rabbits immunized against horse-serum y-globulins or bovine albumin 


Intramuscular immunizing injections (1-6) were of the alum-precipitated protein; intravenous immunizing injections 


(7 and 8) were of the native protein. 


Antigen eliminated Antigen 
by fast reaction precipitated 
Method of in vivo in vitro Vitro|vivo 
immunization (% of injected dose) (% of injected dose) ratio 
Rabbits immunized with horse-serum y-globulin 
l 27 15 0-56 
2 At 28 0-64 
3 39 28 0-72 
4 31 28 0-90 
Rabbits immunized with bovine albumin 
5 47 24 0-51 
6 50 31 0-62 
7 43 28 0-65 
8 41 21 0-52 


Table 2. 





Vitro/vivo ratios observed in immune rabbits at various times 


after their last immunizing injection of bovine albumin 


Immunizing injections 1-6 were given intravenously; 7-10 were given intramuscularly. 


Antigen eliminated 
by the fast 
reaction in vivo 


Time since last 


Method of immunizing injection 


Antigen 
precipitated 


in vitro Vitro|vivo 





immunization (days) (% of injected dose) (% of injected dose) ratio 
] 13 55 24 0-44 
2 14 76 32 0-42 
3 14 61 25 0-41 
+ 20 72 36 0-50 
5 20 52 13 
6 20 55 31 
7 82 65 25 0-38 
8 132 67 67 1-00 
9 133 67 61 0-91 
10 133 75 59 0-79 


mine the vitro/vivo ratios. Seven out of the eight 
rabbits tested removed considerably more antigen 
from their blood by the fast reaction than their 
sera precipitated in vitro (Table 1); in the eighth 
rabbit this difference was less marked and could 
have been due to experimental error. 

This suggested that a considerable part of the 
antigen injected into immune rabbits might be 
removed from the blood stream by some mechanism 
other than by reaction with circulating plasma 
antibody. Further evidence was therefore sought 
to strengthen this conclusion and to investigate 
what this other mechanism might be. As a working 
hypothesis, it was assumed that there was some 
antibody not circulating in the free state in the 
blood, but still rapidly accessible to circulating 
antigen and capable of removing it from the blood. 
This we have termed ‘non-plasma antibody’, and 
a number of experiments were designed to confirm 
its existence and to assess its importance in antigen— 


oS 


antibody reactions in vivo. 
Two sets of rabbits were tested at varying times 


after their last immunizing injection, in order to 


19 


the 
antibody’ was dependent on the length of time the 
animal had been in the immune state. 
immunized with bovine albumin by a course of 


discover whether amount of ‘non-plasma 


Six were 


four weekly intravenous injections of the native 
of N/kg. wt.), 
received two immunizing injections of an alum- 
precipitated preparation. The results of determina- 
tions of the vitro/vivo ratio at various times after 


protein (3 mg. body and four 


the last immunizing injection are shown in Table 2. 
There seems to be no increase in this ratio during 
the first 12 weeks after completion of the immuniza- 
tion schedule, but in the three animals tested 132 
133 days after their last immunizing injection the 
ratio was much higher than in the other animals. 
It therefore seems probable that there was very 
little ‘non-plasma antibody’ in these rabbits. 
Analysis of the persistence curves of the antigen 
in the blood of most of the rabbits immunized with 
that the 
simple exponential ones: 


fast reactions 
not the 


representing them were themselves curved in a 


bovine albumin showed 


were curves 


manner suggesting that they may have been made 
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Table 


Time between 
passive immunization 
and testing 


(hr.) 


Antigen elimination 
by the fast 
reaction in vivo 
(% of injected dose) 
85 
13 
67 


46 





up of two (or even more) processes, designated the 
Notable 
exceptions were the three rabbits tested 132-133 


‘very fast’ and ‘fairly fast’ components. 


days after their last immunizing injection. The 
fast reaction in each of these animals was repre- 
sented by a simple exponential curve. Maximum 
the the 
reaction is commonly observed when the vitro/vivo 


curvature of curve representing fast 
ratio is low. This is shown in Fig. 1, which shows 
the analysed persistence curves of the antigen in 
the blood of two rabbits, of which one had a vitro/ 


vivo ratio of 0-25, and the other had one of 0-56. 


Antigen elimination from the blood 
after passive immunization 
In order to simulate as closely as possible the 
conditions obtaining in actively immunized animals, 
the vitro/vivo ratios were not determined for at 
By this 
time the equilibration of the injected protein 


least 24 hr. after passive immunization. 


throughout the protein space of the body should be 
practically complete (Knox & Endicott, 1950), 
though Cohen, Holloway, Matthews & McFarlane 
(1956) have shown that complete equilibration of 
homologous y-globulins in the rabbit may take as 
much as 140 hr. 

Under these conditions it is unlikely that any 
great change in the antibody content of the serum 
will occur owing to extravascular diffusion between 
the time of withdrawing the sample of antiserum 
for calibration and the time of completion of the 
fast reaction. The results (Table 3) do not show any 
evidence of low vitro/vivo ratios comparable with 
those normally obtained in actively immunized 
rabbits. In two cases the ratio is actually greater 
than unity, though in one of these the analysis of 
the curve was less reliable than usual owing to the 
small percentage of antigen eliminated in vivo. It 
was also observed that all these animals, unlike 
eliminated the 
antigen from their blood by a fast reaction that 
followed a simple exponential course. 


most actively immunized ones, 


A further observation was made on two passively 
in- 
jected with such a low dose of antigen that most of 


immunized rabbits that were inadvertently 


it was eliminated from the blood stream in the 
first 90 min. after injection. When the tissues of 
these animals were analysed for /I (Table 4) a 
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3. Vitro/vivo ratios observed in rabbits after passive immunization 


1958 
with anti-bovine albumin 


Antigen 
precipitated 


in vitro Vitro|vivo 


(% of injected dose) ratio 
71 0-84 
22 1-7 
81 1-2 
36 0-78 





Antigen persistence in blood (%) 





0 15 30 45 60 75 90 
Time after injection (min.) 


Fig. 1. Persistence curves of bovine albumin in the blood 
of two specifically immunized rabbits: A, vitro/vivo 
ratio of 0-25; O, vitro/vivo ratio of 0-56. Continuous 
lines are the experimental curves; broken lines show the 
analysis of these curves into the ‘fast’ and ‘slow’ com- 
ponents (see Francis ef al. 1957). 


Table 4. 


and passively immunized rabbits 


1317 content of some tissues of actively 


Animals were killed 90 min. after intravenous injection 
of 8!]-labelled bovine albumin. 


Percentage of injected 1*"1 in tissue 
c ne —_, 
Actively immunized Passively immunized 
animals* (2) animalsf (2) 


Tissue - , — — 
Liver 66 71 36 29 
Lungs 8-4 2-3 3-9 2-0 
Spleen 0-3 0-3 1-1 1-8 
Blood 4-4 7-7 6-3 13-3 


* Taken from Francis et al. (1957). 
+ Injected with antigen 100 hr. after passive immuniza- 
tion. 
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very much smaller percentage of the injected dose 
was found in their livers than in the livers of 
actively immunized animals similarly injected. 


Double injection of antigen into immune rabbits 


If there which remove 
intravenously injected antigens rapidly from the 
blood of immune rabbits, it should be possible to 


are two mechanisms 


demonstrate the second ‘fairly fast’ mechanism in 
the following manner. First an amount of non- 
radioactive antigen equivalent to the amount of 
antibody circulating in the rabbit’s plasma is in- 
jected (this amount is determined by a preliminary 
calibration of the antibody content of the serum 
and a determination of the plasma volume). About 
30 min. later, when all of this antigen should have 
been removed from the circulating blood, a very 
small injection of trace-labelled antigen is given. 
Faster elimination from the blood of the antigen in 
this second injection than is observed in normal 
rabbits given a similar injection would indicate the 
presence of ‘non-plasma antibody’, especially if it 
could also be shown that there was no precipitating 
antibody in the blood immediately before the 
second injection. 

Experiments along these lines were therefore 
performed, but gave rather inconclusive results, 
though there was a suggestion that the second 


injection of antigen was removed from the blood of 


the immunized rabbits at a rate intermediate 
between that observed after a single injection into 
immune rabbits (the so-called fast reaction) and 
that observed in normal rabbits. This suggested 
that such a phenomenon might be better observed 
over a longer period of time than the 60-90 min. 
during which observations were usually made after 
antigen injection. A further set of experiments was 
therefore carried out in which the antigen per- 
the blood of and 
rabbits was followed for 4-5 hr. after injection, the 
immune rabbits being first injected with an amount 
of non-radioactive antigen just sufficient to pre- 
cipitate the whole of the circulating plasma anti- 
body (Table 5). In all the normal animals a slow 
reaction with a half-life of 12-20 hr. was observed; 


sistence in normal immune 


some of the protein (never more than 25%) was 
eliminated by a faster reaction, which was some- 
the 
reaction was again observed, but its half-life was 


times complex. In immune animals a slow 
considerably shorter than that of the slow reaction 
in normal animals. There was also a simple or 
complex fast reaction which removed more antigen 
from the blood than did the fast reaction in normal 


animals. The net result was that these immune 
animals eliminated considerably more antigen 


from their blood during the first 5 hr. after the 
injection than did the normal ones. A 
difference two 


marked 


between these was also 


groups 
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Table 5. Elimination of trace-labelled bovine albumin 
(0-3 mg. of N/kg. body wt.) from the blood of rabbits 
during the first 5 hr. after intravenous injection 


Percentage 


Fast reaction Slow reaction eliminated 





— — from 
Half-life Percentage Half-life Percentage blood in 
(min.) reacting (min.) reacting 5 hr. 
Normal! rabbits 
77 6 767 94 30 
39 22 1155 78 35 
Complex 22 710 78 42 
Complex 2% 873 78 38 
35 833 77 40 
Immune rabbits* 
32 42 580 58 60 
27 32 218 68 74 
Complex 33 238 67 72 
Complex 23 203 77 73 


* These were injected with an amount of non-radioactive 
bovine albumin equivalent to their total circulating anti- 
body 30 min. before the injection of trace-labelled bovine 
albumin. 


Table 6. 
normal and immune rabbits (with no circulating 
antibody) after injection of antigen 


Apparent blood volumes of tissues of 


The apparent blood volume is the ratio 

antigen/g. of tissue 

antigen/ml. of blood’ 
Immune rabbits were injected intravenously with just 
sufficient antigen (bovine-serum albumin) to remove all 
circulating antibody; normal and immune animals were 
then injected intravenously with !'I-trace-labelled antigen 
(0-3 mg. of N/kg. body wt.) and killed after 5 hr. Mean 
values and ranges are given for five normal rabbits, 
individual values for four immune rabbits. 


Normal rabbits Immune rabbits 


Liver 0-20 1:12 0-79 1-51 1-06 
(0:16-0:32) 

Lungs 0-41 7-30 1-78 0-77 0-75 
(0:33-0:47) 

Spleen 0-18 0:90 2:06 1:02 0-82 


(0-14—0-23) 


observed when measurements were made of the 
131] eontent of their tissues (Table 6). The tissues 
from the immune rabbits showed the character- 
istic high blood 
animals, whereas the tissues of the normal animals 


apparent volumes of immune 
had apparent blood volumes that were scarcely 
higher than those observed in normal animals 
killed only 60-90 min. after injection (cf. Francis 
et al. 1957). It should be emphasized that when 
serum obtained from all these immune rabbits just 
before the second injection of bovine albumin was 
tested for the presence of antibody by the addition 


19-2 
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of antigen, so that the latter was present at a con- 
centration equal to that in the plasma immediately 
after the second injection, no significant amounts of 
antigen were precipitated. Therefore the elimina- 
tion of the second dose of antigen must have been 
brought about by a mechanism distinct from any 
reaction with antibody in solution in the plasma. 


Effect of antigen injections on leucocyte counts 
in normal and immune rabbits 


In confirmation of the results of Stavitsky et al. 
(1949), Table 7 shows that the injection of bovine 
albumin into normal rabbits has no significant 
effect on the leucocyte count of the blood. By 
contrast, after injection of antigen into immunized 
rabbits there is a very rapid drop in the number of 
both 
granulocytes being affected. This leucopenia is 


circulating leucocytes, lymphocytes and 
most severe when antigen is injected in an amount 
which is in excess of that required to precipitate all 
the circulating antibody. Table 7 shows that in two 


rabbits which received smaller amounts of antigen 


Table 7. Lymphocyte and granulocyte counts be 
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(so that at least 90% was eliminated from the 
blood in the 5 min. after injection) a much less 
marked leucopenia was observed. 

Stavitsky et al. (1949) also showed that small 
(0:25-0:50 mg. of histamine 
phosphate, i.e. 0-08-0-17 mg. of free base/rabbit) 
had no effect on the leucocyte count. It is difficult 


doses of histamine 


to assess the amount of histamine liberated in vivo 
after an injection of antigen into an immune rabbit, 
but from their work in vitro Dragstedt, Ramirez de 
Arellano, Lawton & Youmans (1940) estimated 
that about 0-1—0-3 mg. of histamine (as free base) 
is liberated/kg. body wt. during an antigen—anti- 
body reaction. This takes no account of any 
histamine that might be liberated from the tissues. 
Histamine has therefore been injected intravenously 
at levels of 0-7 and 2-0 mg./kg.; the larger of these 
two doses is likely to be at least as much as would 
be liberated after the injection of antigen into an 
immune rabbit. In order to simulate as closely as 
possible the conditions of the experiments in which 
antigen was injected the rabbits received the usual 


fore and after the injection of bovine albumin 


Time 
after 


injection 


into normal and immune rabbits 


All figures are number of cells/mm.* of blood. 


Normal rabbits 


No. 1 


9 


(min.) Lymphocytes Granulocytes Lymphocytes Granulocytes 
- 30 3900 4100 3400 3600 
- § 2800 3000 2500 3500 
5 3100 3300 2900 3100 
30 3500 3900 2200 2200 
60 3100 4100 1900 2900 

Immune rabbits injected with an amount of antigen of which 

90% was removed from the blood within 5 min. of injection 

No. 1 No. 2 

r ; - = - ~ 

Lymphocytes Granulocytes Lymphocytes Granulocytes 
30 5800 4700 4200 7000 
5 8200 4600 3200 7900 
5 1600 4500 
13 - 1600 2100 
30 3900 1300 800 900 
60 3400 2000 900 1500 


Immune rabbits injected with an excess of antigen not completely 
removed from the blood within 1 hr. of injection 


Time . - — 
after No. 1 No. 2 No. 3 
injection — 2 ™ ¢ 2 5 ——_A~— 
(min.) Lymphocytes Granulocytes Lymphocytes Granulocytes Lymphocytes Granulocytes 
- 30 1500 3400 3300 3300 3600 4000 
5 1400 3000 2000 2300 3100 4400 
5 240 310 530 140 420 70 
13 440 580 $20 130 360 40 
30 630 700 2500 400 420 65 
60 750 1200 2700 380 670 95 
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Table 8. Lymphocyte and granulocyte counts after the injection of histamine 


All figures are number of cells/mm.* of blood. 


Dose of histamine injected 


(mg. of free base/kg.) re 2-0 
Time after 
injection c a a A 

(min.) Lymphocytes Granulocytes Lymphocytes Granulocytes 

— 60 3600 2300 3300 3900 

-10 2500 2600 2400 4300 

2 1600 860 1200 520 

15 1800 1700 1300 1200 

30 2200 2600 1900 3500 

60 2200 4000 2200 2500 


Table 9. Antibody concentration of sera of rabbits before and after injection with cortisone acetate 


Dose of cortisone acetate was 2 mg./kg. Antibody concentrations are expressed as pg. of antibody N/ml. of serum. 


Time after last 


immunizing 
injection 45 hr. before 21 hr. before 
(days) cortisone cortisone 

17 420 380 
21 es 

23 . = 
29 440 440 
52 700 


dose (1-5mg./kg. body wt.) of mepyramine 
maleate 1 hr. before the histamine injection. No 
signs of shock were observed. The leucocyte counts 
(Table 8) show that each dose produced an appreci- 
able drop in both the lymphocyte and granulocyte 
counts. However, the effect was not as large or as 
prolonged as that seen after the injection of excess 
of antigen, and the leucocyte counts were nearly 
back to their pre-injection level lhr. after the 
histamine was administered. 


Antigen elimination and leucocyte counts 
after administration of cortisone 


In preliminary experiments it was shown that 
2 mg. of cortisone acetate suspension/kg., injected 
intramuscularly, caused a marked reduction in the 
lymphocyte count of the blood 5-6 hr. later. This 
dosage was therefore adopted. Immune rabbits 
were bled one to three times at intervals before 
being injected with cortisone, and again 6 hr. 
after, and the amount of antibody nitrogen in the 
serum from each blood sample was determined. 
The results (Table 9) indicate that there was no 
increase in the antibody content of the serum after 
the injection of cortisone. In fact there was always 
a decrease, but as a decrease was also observed 
throughout the period during which observations 
were being made, it is considered unlikely that this 
was due to the action of cortisone. The rabbits were 
all used at least 17 days after their last immunizing 
injection, at which time their serum-antibody 
titres would be expected to be declining. A further 


5 min. before 


Vitro]vivo 


6 hr. after 


cortisone cortisone ratio 
340 280 0-73 
280 250 — 
200 160 _ 
390 380 0-29 
670 640 0-63 


factor in this decline may have been the loss of 
blood, for each calibration involved the removal of 
5-10 ml. of blood, corresponding to about 3-5 % of 
the circulating plasma volume. 

Vitro/vivo ratios were also determined on three 
of these rabbits but the results (Table 9) were well 
within the normal range for immune rabbits not 
treated with cortisone (cf. Tables 1 and 2). 

The leucocyte counts made during these experi- 
ments (Table 10) show a picture very similar to 
that observed after the injection of antigen into 
immune rabbits not treated with cortisone. Again 
there is a large drop in both lymphocytes and 
granulocytes, the fall in the latter being more pro- 
nounced, with some sign of recovery towards the 
pre-injection numbers | hr. later. 


DISCUSSION 
The experimental difficulties in obtaining an 


accurate measure of the amount of injected antigen 
rapidly removed from the circulation of an immune 
rabbit are very great, but the regularity with which 
with these 
that the 


low vitro/vivo ratios are obtained 


animals makes it reasonably certain 
phenomenon is a real one. 

There seem to be two distinct types of explana- 
tion possible: (a) that the plasma antibody is in 
some way acting more efficiently in vivo than in 
vitro, or (b) that there is some source of rapidly 
available antibody (here termed ‘non-plasma anti- 


body’) other than that in free circulation in the 





EK. FRANCIS AND J. D. HAWKIN 


330 


8 


3600 
140 


5 
4500 


No. 


300 
00 
400 
30 
1600 


‘ 


‘ 


€ 





200 


Pr 





6300 
100 


2 


3400 





No. 


480 





840 








of cells/1 





1300 
5300 
10000 





00 


( 





D 


3300 


3 


All figures are 


Kg. 


a 


« 


3800 
180 
+ 





OO 


1300 
1700 


~ 








00 





6800 
140 
940 


4 





+as 
~ 
— 


1600 





Lymphocyte and granulocyte counts before and after the injection of bovine albumin into immune rabbits treated with cortisone acetate 





al 
antigen 


-ortisone, 


Time 





10. 





after 


after cortisone 


Table 


hr. 


5 min. 


» 
60 min. 





S 1958 


plasma. That the actual plasma antibody is 
capable of precipitating more antigen in vivo than 
in vitro seems unlikely, since the precipitin reaction 
performed in vitro involves refrigeration as well as 
incubation, and it is well known that refrigeration 
causes a small but significant increase in the total 
amount of precipitate obtained (see, for example, 
Heidelberger & Kendal, 1935). Moreover, in 
passively immunized animals the vitro/vivo ratio 
does approximate to unity. There remains the 
possibility, however, that the amount of plasma 
antibody in actively immunized rabbits may be 
increased in vivo by drawing on reserves of anti- 
body circulating in other tissue fluids. Gitlin & 
Janeway (1953) have shown that antibody is 
present in other body fluids in equilibrium with the 
plasma, and can readily pass from one fluid to 
another. However, this passage is normally a slow 
process compared with the rate of elimination of 
antibody from the blood stream by the ‘fast 
reaction’, so it is unlikely to be a significant factor 
in causing the vitro/vivo ratio to be less than unity. 
Although marked changes in the vascular endo- 
thelium occur when antigen combines with anti- 
body in vivo, even in animals pretreated with 
mepyramine (see, for example, Lecomte & Hugues, 
1956), it is unlikely that these changes would be 
great enough to increase the rate of diffusion of 
antibody into the plasma sufficiently to account for 
the observed effect. Moreover, this reserve of anti- 
body was presumably present to a considerable 
extent also in the passively immunized animals, 
and in those which had not received an immunizing 
injection for 19 weeks, which did give low vitro/vivo 
ratios. Although these animals had a lower serum- 
antibody titre than most of the other immune 
animals and might therefore be expected to have 
suffered an antibody—antigen reaction of less bio- 
logical severity, resulting in smaller changes in the 
nature of the vascular endothelium, they yet had 
significant amounts of circulating antibody, com- 
parable with that in some of the less highly im- 
munized animals which gave low vitro/vivo ratios. 
An alternative method by which the plasma 
antibody could act more efficiently in vivo than in 
vitro might be by the formation of soluble antigen- 
antibody complexes which are removed by the 
reticulo-endothelial system more rapidly than is the 
free antigen in normal rabbits. Francis et al. 
(1957) have shown that this is not the case with 
soluble complexes prepared in the far antigen- 
excess zone, but it does not necessarily follow that 
the biological behaviour of larger molecular aggre- 
gates left in solution after the precipitation of one- 
third to one-half of the antibody in the moderate 
antigen-excess zone will be the same as that of the 
simpler complexes found in the far antigen-excess 
zone, which are mainly of the type Ab(Ag),. In 





Vol. 6¢ 


order 1 
been r¢ 
by ade 
(labelle 
cipitat 
the ex] 
the pr 
compa 
there \ 
In \ 
alterné 
regula 
up to 
injecti 
“non-} 
circula 
cireula 
Gra 
bovine 
also si 
tributi 
fast re 
possib 
sentin 
posed 
comp 
(whicl 
reactit 
and a 
the o1 
reacti 
The 
ments 
only 1 
compl 
reacti: 
plasm 
curves 
it apr 
their | 
antibc 
that : 
the an 
the ci 
has e 
will b 
The 
in the 
after 
those 
diffus: 
strean 
is a ¢ 
1955). 
in thi 
fast e 
one) i 
mean. 





to 


Vol. 69 


order to settle this point these experiments have 
been repeated, with the supernatant fluid obtained 
by adding to the antiserum double the amount of 
(labelled) antigen required to give maximal pre- 
cipitation, i.e. the same relative amount as used in 
the experiments reported here, and centrifuging off 
the precipitate. The results obtained were exactly 
comparable with those reported previously, i.e. 
there was no evidence at all of a ‘fast reaction’. 
In view of these facts it would seem that the 
alternative hypothesis, that the low vitro/vivo ratios 
regularly observed with actively immunized rabbits 
up to 3 months from cessation of the immunizing- 


injection schedule, must be due to the presence of 


‘non-plasma antibody’, i.e. antibody not in free 
circulation but rapidly available for reaction with 
circulating antigen. 


Graphical analysis of the persistence curves of 


bovine albumin in the blood of the immune rabbits 
also suggests that at least two processes are con- 
tributing to what has previously been called the 
fast reaction (Francis et al. 1957). It has not been 
possible to analyse accurately the curves repre- 
senting this fast reaction, but they could be com- 
posed of two exponential curves, the ‘very fast’ 
component having a short half-life of 5-10 min. 
(which is probably the normal fast reaction due to 
reaction of the antigen with circulating antibody), 


and a ‘fairly fast’ component having a half-life of 


the order of 30-40 min., which might represent 
reaction with non-plasma antibody. 

The results of the passive-immunization experi- 
ments, where the antigen is presumably reacting 
only with circulating antibody, suggest that the 
complex nature of the curve representing the fast 
reaction is an indication of the presence of ‘non- 
plasma antibody’. Both from the nature of the 
curves, and from the vitro/vivo ratios observed, 
it appears that the rabbits tested 19 weeks after 
their last immunizing injection had no ‘non-plasma 
antibody’. This could be explained by supposing 
that antibody when first formed is retained in 
the antibody-forming tissues and later released into 
the circulation, so that when antibody production 
has ceased all this initially tissue-bound antibody 
will be released into the blood stream. 

The curves of the persistence of bovine albumin 
in the blood of normal rabbits during the first 5 hr. 
after its intravenous injection are different from 
those observed over shorter periods of time. The 
diffusion of an injected protein out of the blood 
stream into the lymph in various parts of the body 
is a complex process (Benson, Kim & Bollman, 
1955), and though the persistence curves described 
in this paper have been analysed into slow and 
fast components (the latter sometimes a complex 
one) it is very difficult to give any definite physical 


meaning to these reactions. In fact, the analyses 
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have been performed only in order to give some 
quantitative expression to the differences observed 
between the persistence curves in normal rabbits 
and in immune rabbits given a double test in- 
jection of antigen. The persistence curves ob- 
served in two differ in two main 
respects. The half-life of the slow reaction is con- 
siderably shorter in the immune animals (Table 5), 
and also the percentage of antigen that is acted 


these groups 


upon by the fast reaction is greater than in the 
normal rabbits. Both these factors contribute to a 
considerably greater elimination of antigen from 
the blood of the immune rabbits during the 5 hr. 
experimental period. Thus the behaviour of a small 
second dose of antigen given 30 min. after a dose 
salculated to precipitate all the antibody in the 
animal’s plasma seerns to be intermediate between 
that observed after a single injection into immune 
and normal animals. In other words, there is still 
some mechanism for reacting with injected antigen 
and removing it from the blood stream, even when 
all available circulating antibody has been pre- 
cipitated. The rate at which this mechanism can 
operate is a good deal slower than the rate of 
removal of antigen from the blood by reaction with 
circulating antibody. 

Dougherty et al. (1945) showed by semi-quanti- 
tative methods that injections of adrenocortical 
steroids into anamnestic rabbits sensitized with 
sheep red cells produced a marked lymphocyto- 
penia and a simultaneous sharp rise in the titre of 
plasma haemolysin, and Sanders, Florey & Barnes 
(1940) have also shown that the daily rate of 
passage of lymphocytes into the circulation, from 
the lymphatics, is considerably greater than the 
total time. This 
secondary or anamnestic response to a non-specific 
confirmed by accurate 
For example, 


number present at any one 


stimulus has not been 


quantitative serological methods. 


Heidelberger & Kendal (1935) were unable to 
obtain any increase in the titre of rabbit anti- 


ovalbumin serum by injecting large amounts of 
horse serum, and van der Scheer, Bohnel, Clarke & 
Wyckoff (1942) that hyper- 
immunized with type I pneumococci gave, after 


observed rabbits 
rest, an anamnestic response on injection of type | 
specific polysaccharide, but not on injection of 
horse globulin. Harris & Henle (1948) also ob- 
served no anamnestic response accompanying the 

with 
Kabat 


by infection 
influenza virus, and LeMay & 

(1949) demonstrated that there was no increase in 
the rabbit-serum titre of anti-chick ovalbumin after 
X-irradiation or treatment with corticotropin, 
although a marked lymphocytopenia was produced, 
sometimes with and sometimes without a general 
reported 


lymphocytopenia produced 


Fischel, 


leucopenia. In the experiments here 


also, it seems doubtful whether lymphocytopenia 
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can have had any significant effect in increas- 
ing the amount of available antibody, since the 
quantitative effect of ‘non-plasma antibody’ on 
antigen elimination is frequently considerably 
greater than that of plasma antibody, and it is 
unlikely that the amounts of additional antibody 
required could be made available by the lympho- 
cytes in the short time involved. Moreover, the 
lymphocytopenia accompanying injection of corti- 
sone had no effect on the vitro/vivo ratio and did not 
increase the circulating antibody titre of the serum. 

Dragstedt et al. (1940) have previously shown 
that perfusion of lungs with blood to which has 
been added both an antigen and its specific anti- 
serum leads to a fall in the leucocyte count, and 
Stavitsky et al. (1949) have demonstrated that a 
fall in polymorphonuclear leucocytes follows the 
injection of antigen into sensitized rabbits. The 
experiments reported here confirm these observa- 
tions and, in addition, show that there is also a 
reduction in the number of circulating lympho- 
cytes after injection of antigen. 

If it is true, as suggested above, that the removal 
of injected antigen from the blood of immune 
rabbits is due partly to a reaction which proceeds 
more slowly than the reaction with circulating 
antibody, this rapid fall makes it seem improbable 
that circulating leucocytes are involved. The fall is 
more likely to be associated with the ‘very fast 
reaction’ of antigen with circulating antibody. 
A possible explanation is that the leucocytes might 
ingest the antigen-antibody precipitate, which we 
believe is formed in the blood stream (Francis et al. 
1957), by phagocytosis. Another possibility is that 
the antigen might cause the clumping of the 
leucocytes, perhaps by combination with antibody 
on the surface of these cells. Such clumping of 
leucocytes in the blood of immune rabbits has been 
observed by Abell & Schenck (1938) after the 
injection of large doses of antigen. Any such 
clumps of leucocytes that might be formed would 
almost certainly be filtered out of the circulation 
very rapidly, and if there were any appreciable 
quantity of antigen immobilized in these clumps 
they could account for at least a part of the extra 
antigen which is removed in vivo above that which 
is precipitable by the antiserum. 

It is difficult to decide what part, if any, libera- 
tion of histamine plays in this leucopenia. We have 
confirmed the observation of Bierman et al. (1951) 
that histamine itself causes a leucopenia, but even 
comparatively large doses (2 mg./kg. body wt.) 


have a rather smaller effect than the amounts of 


antigen we have injected. Thus it seems probable 
that this leucopenia is not entirely due to liberation 
of histamine. 

The evidence so far discussed strongly suggests 


that there is a considerable amount of non-plasma 


EK. FRANCIS AND J. D. HAWKINS 


antibody which is still fairly rapidly accessible to 
the circulating antigen, and there is evidence that 
it may be bound in some tissues. 

It is certain that the tissues of the doubly in. 
jected immune rabbits can take up some of the 
second injection of antigen, for they have the high 
apparent blood volumes characteristic of immune 
animals. If the non-plasma antibody is bound in 
the tissues it must be at sites where it would be 
accessible for reaction with the antigen in the 
blood. One possibility is that it might be bound in 
an organ in which the blood must traverse sinuses. 
Such an organ is the liver, and evidence that this 
organ may contain some tissue-bound antibody is 
provided by the finding that considerably more of 
the 
actively immunized than of passively immunized 
rabbits after the injection of small amounts of 
antigen, which are rapidly and nearly completely 
removed from the blood. This indicates that in 
actively immunized animals the liver possesses 
some mechanism, for removing antigen from the 
blood, which is lacking in passively immunized 
animals. 

Dixon & Talmage (1951) have shown that there 
is no difference in the rate of catabolism of trace- 
labelled bovine-serum y-globulin when administered 
to actively and passively immunized rabbits. 
However, the experiments reported in this paper 


the injected antigen is found in livers of 


do show differences in their response to injection of 
antigen. These differences are probably based on 
differences in the distribution of antibody in the 
animal, rather than on any enzymic adaptations 
accompanying production of antibody. It seems 
that the immune response of rabbits to injected 
antigens cannot be explained solely in terms of 
their reaction with circulating antibody. 


SUMMARY 
1. Actively, but not passively, immunized 


rabbits can eliminate rapidly from their blood more 
antigen than their sera can precipitate in vitro, 
except when they have been in the immune state 
for a long time. 

2. When immune rabbits are given an injection 
of antigen sufficient to react with all the antibody 
in their plasma, a second small injection of antigen 
is eliminated from the blood more rapidly than a 
similar dose injected into normal rabbits. There is 
evidence for deposition of part of the second in- 
jected dose in the liver, lungs and spleen of the 
immune rabbits. 

3. The significance of these observations is dis- 
cussed and it is concluded that some non-plasma 
antibody is partly responsible for the immune 
responses observed when an antigen is injected into 
specifically immunized rabbits. 


1958 | 
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4. This non-plasma antibody is unlikely to be 
mainly in the lymphocytes or lymphoid tissue. 

5. Injection of antigen into immune, but not into 
normal, rabbits causes a profound leucopenia, 
which is due to a fall in the numbers of both 
lymphocytes and granulocytes. This phenomenon 
is not modified by the prior injection of cortisone in 
amounts sufficient to cause a lymphocytopenia. 
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The Effects of 8-Azaguanine on the Biosynthesis 
of Ribonucleic Acid in Bacillus cereus 


By H. G. MANDEL* anp R. MARKHAM 
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(Received 15 November 1957) 


The incorporation of the guanine analogue 8- 
azaguanine into the micro-organism Bacillus cereus 
has already been described (Matthews & Smith, 
1956; Mandel, 1957; Mandel, Sugarman & Apter, 
19576). Almost all the combined 8-azaguanine was 
found in the ribonucleic acid (RNA) fraction of the 
cells (Mandel e¢ al. 19576) and much of it was 
released from this fraction by pancreatic ribo- 
nuclease in the form of 8-azaguanosine 2’:3’-phos- 
phate (Matthews & Smith, 1956). When [14C]8- 
azaguanine was used, a small amount of the ana- 
logue was found in the deoxyribonucleic acid 
(DNA) fraction, and the ‘acid-soluble’ fraction of 
the bacteria was also found to be radioactive 

* Present address: Department of Pharmacology, The 
George Washington University School of Medicine, 
Washington, D.C., U.S.A. 





(Mandel et al. 19576). The addition of a purine or 
a purine compound to a bacterial culture in which 
growth had been inhibited by the presence of 8- 
azaguanine had the effect of restoring normal 
growth. Simultaneously, some of the 8-azaguanine 
was lost from the RNA fraction and was released 
into the medium (Mandel, 1957). 

In the present investigation the effects of 8- 
azaguanine on synthesis of ribonucleic acid in B. 
cereus were examined. Since the analogue was in- 
corporated into the RNA it seemed possible that 
a number of alternative effects might be expected. 
One possibility was that the total amount of RNA 
per cell might increase in order to compensate to 
some extent for the presence of the unnatural base. 
On the other hand, the normal amount of RNA 
could be present with some of its purines replaced 





by the analogue. It also seemed likely that a study 
of the distribution of the analogue in the poly- 
nucleotide chains might indicate the way in which 
the synthesis of such chains proceeded. 

Studies were also carried out to determine the 
presence of intermediary metabolites of 8-azagua- 
nine because the effects of the analogue might be 
due to the blocking of some coenzyme systems in 
addition to its incorporation into the RNA. As far 
as was possible the behaviour of the normal base 
guanine was studied under similar conditions and 
the mechanism of the reversal of growth inhibition 
by this substance was investigated. Preliminary 
accounts of some of this work have been published 
(Mandel & Markham, 1957a, b). 


MATERIALS AND METHODS 


The micro-organism used in the present investigations, 
Bacillus cereus strain 569 H, has been used in previous work 
(Matthews & Smith, 1956; Mandel, 1957; Mandel e¢ al. 
19576). This is a constitutive penicillinase-producing 
mutant isolated from the inducible penicillinase-producing 
wild strain by Kogut, Pollock & Tridgell (1956). The 
medium was that of Matthews & Smith (1956) and con- 
tained casein hydrolysate (Vitamin-free Casamino Acids, 
Difco Inc., Detroit, Mich., U.S.A.). For 
experiments with **P, a low-phosphate medium was pre- 
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pared in which 2 g. of 2-amino-2-hydroxymethylpropane- 
1:3-diol/l. and 1-5 g. of K,SO,/l. replaced 3-35 g. of the usual 
3-5 g. of KH,PO,/L 

[2-4C]5-Azaguanine was furnished by the Southern 
Research Institute, Birmingham, Ala., U.S.A.; [2-™C]- 
uracil was synthesized as reported previously (Mandel & 
Brown, 1952); [8-44C]guanine and *PO,3~ 
free) were purchased from the 
Amersham, 


£ 


ions (carrier- 
Radiochemical Centre, 
Bucks. [#C]Formate was obtained from Iso- 
topes Specialties Co., Burbank, California, U.S.A. 

Bacterial growth and inhibition. Bacteria were grown in 
a shaking device at 37° so that aeration was optimum. 
A heavy inoculum of cells was used (5 x 10° cells/100 ml. of 
medium). The bacteria grew exponentially with a charac- 
teristic generation time of 55min. Growth 
measured turbidimetrically in a Unicam SP. 500 spectro- 
photometer at 540 my, such a procedure being a satis- 
factory index of the concentration of bacterial suspensions 
(Mandel, 1957). 


Growth 


mean was 


as the difference between the 
optica! density reading (AH,,,) after a given time and that 
at the introduction of the isotope. 

8-Azaguanine was dissolved in 0-5% Na,CO, soln. The 
analogue was added to the micro-organisms to a final con- 
centration of 20 ug./ml. of medium, when the bacterial con- 
centration reached 10° cells/ml. (£54)=0-2). The experi- 
ments were usually terminated at twice this bacterial 
Within 30 min. after the addition of the 
analogue the generation time increased approximately 
fivefold. 

Fractionation of 


was recorded 


concentration. 


Bacteria 
harvested by centrifuging, followed by washing in 0-15m- 
NaCl or 0-15M-sodium phosphate buffer, pH 7. The residue 
was extracted with 5% (w/v) trichloroacetic acid at room 


micro-organisms. were 
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temperature, the extract being shaken several times with 
ether to remove the acid, followed by evaporation and 
chromatography on Whatman no. 3MM paper in the 70% 
(v/v) propan-2-ol-ag. NH, soln. system of Markham & 
Smith (1952a). The residue after the extraction with tri- 
chloroacetic acid was taken up in 70 % (w/v) ethanol at 60°, 
followed by a wash in ethanol-ether (1:1, v/v). The washed 
residue was then hydrolysed by n-KOH at room temper- 
ature overnight to liberate the ribomononucleotides from 
the ribonucleic acids. 

Electrophoretic separation of mononucleotides. The alkaline 
digest was neutralized with n-HCIO, to remove excess of 
alkali and K* ions and centrifuged at 0°. The supernatant 
solution was applied to paper strips moistened with 
0-05mM-ammonium formate buffer, pH 3-1, and the separa- 
tion was carried out at that pH for 7hr. at 20v/cm. 
(Markham & Smith, 1952b). At this pH the four pairs of 
normal nucleotides and 8-azaguanylic acid may be easily 
separated from each other. Guanylic acid and 8-azagu- 
anylic acid were clearly split into the 2’- and 3’-isomers, 
which move at slightly different mobilities in this system. 
The order of increasing mobilities was cytidylic, adenylic, 
guanylic, 8-azaguanylic and uridylic acid. The nucleotides 
were detected by their ultraviolet-light absorption, and 
were eluted in 0-1 N-HCl, with an appropriate blank treated 
similarly, and measured spectrophotometrically. Radio- 
activity was measured in a liquid counter (20th Century 
Electronics, London, type M 2 H) for *?P, or after plating on 
metal dishes and counting with an end-window tube. 

Uptake of isotopic precursors. Two bacterial cultures of 
identical bacterial concentration received 20g. of the 
labelled compound/ml., and then 20g. of 8-azaguanine 
ml. was added to one culture. Precursors studied included 
82P0,3- ions, sodium [!4C]formate and [!4C]Juracil. Samples 
of both cultures were taken at frequent intervals, and 
bacterial growth was measured turbidimetrically. The 
samples were mixed immediately afterwards with an equal 
volume of 10 % (w/v) trichloroacetic acid, and the mixture 
was filtered with membrane filters (Schleicher and Schuell 
Co., Keene, New Hampshire, U.S.A.) as described by 
Britten, Roberts & French (1955). The filters were then 
counted for radioactivity. This procedure has been used 
previously to measure accurately the effects of an agent 
growth on bacterial biosynthetic pathways 
(Bolton & Mandel, 1957). 

Assay for ribose. The orcinol method for 
described by Militzer (1946) and modified by Markham 
(1955), was used. 


inhibiting 


ribose, as 


Metabolite analysis. For an analysis of the metabolites of 
8-azaguanine occurring in the bacterial medium after 
inhibition of bacterial growth by the analogue, the medium 
was centrifuged and evaporated almost to dryness. The 
residue was then subjected to chromatography on What- 
man no. 3MM paper in the 70% (v/v) propan-2-ol-aq. NH; 
soln. system of Markham & Smith (1952). 

Ribonuclease Crystalline ox-pancreas _ribo- 
nuclease (E. Light and Co., Colnbrook, Bucks) was dis- 
solved in water and heated to 100° to inactivate other 


treatment. 


enzymes. Solutions to be digested were adjusted to about 
pH 7 by the addition of a dilute aq. NH, soln. with bromo- 
thymol blue as an internal indicator. The bacterial sample, 
after the usual extractions, was ground with fine glass 
powder to rupture cell walls; the mixture was incubated 
with approx. 0-3 mg. of pancreatic ribonuclease/ml. for 
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3 days at 37° in the presence of CHCl, to prevent bacterial 
growth. The mixture was centrifuged, and the soluble 
portion concentrated by evaporation and applied on 
Whatman no. 3MM paper for chromatography in the 
propan-2-ol-aq. NH, soln. solvent system for 3 days. 


RESULTS 
Nucleic acid content and composition 


To determine whether the quantity of polynucleo- 
tide per cell was affected by 8-azaguanine, the 
uptake of *2PO,3- ions by a bacterial culture 
partially inhibited by the drug, and by a control 
culture, was measured in relation to growth. It was 
found that for the same cell 
approximately twice as much of the isotope was 
incorporated by the culture grown in the presence 
of 8-azaguanine. In a similar experiment in which 


increase in mass, 


[2-!4C]uracil served as the only labelled supplement 
to the two proliferating cultures, the presence of 
8-azaguanine caused 100% increase in incorpora- 
tion of the isotope (Fig. 1). The uptake of labelled 
formate into the nucleic acid was also increased by 
the analogue when comparisons were made after 
similar increases in cell mass. Bacteria grown in the 
presence of 8-azaguanine also contained more 
orcinol-reactive material than did a control culture. 
These results are consistent with the conclusion 
that in the presence of 8-azaguanine, the inhibition 
of growth of B. cereus was associated with in- 
corporation of the analogue into nucleic acids 
(Matthews & Smith, 1956; Mandel et al. 19576) as 
well as with an increase in the content of the latter. 

The relative the ribopoly- 
nucleotides isolated from bacteria grown in the 


compositions of 


presence and in the absence of 8-azaguanine were 
compared by measurement of the isolated mono- 
nucleotides. 

The possibility of contamination by traces of the 
analogue base from the medium, where it occurs in 
excess, was thus ruled out. Since it is impossible to 
separate those micro-organisms in the bacterial 
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Fig. 1. Uptake of [14C]uracil (counts/min.) by cultures of 


Bacillus cereus in relation to growth measured turbidi- 
metrically at 540 mp. O, Control culture; @, culture 
treated with 8-azaguanine. 
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culture formed before the addition of the inhibitor 
from those grown later, the sensitivity of measure- 
ment was increased by adding **P to the culture 
simultaneously with the inhibitor. By using a 
radioactive tracer in this manner, the biosynthetic 
processes occurring only after the addition of 8- 
azaguanine could be examined, since in the growing 
bacterial cell no turnover of nucleic acids has been 
found (Roberts, Abelson, Cowie, Bolton & Britten, 
1955). Comparisons were made with a control 
culture which received the same amount of labelled 
phosphate added at the same bacterial concentra- 
tion. Both cultures were harvested after approxi- 
cell and the 
nucleotides separated electrophoretically as de- 
The 
as shown in 


mately equal increases in mass, 


scribed above. various nucleotides were 
identified Fig. 2. Guanylic acid 
fluoresced under acidic conditions only (Smith & 
Markham, 1950) acid 
fluoresced in acidic and ammoniacal atmospheres 
(Matthews, 1954). All the nucleotides were radio- 
active because of the presence of *?P. 

The relative composition of nucleotides from the 
two bacterial cultures is shown in Table 1. It was 
demonstrated that, of the normal nucleotides, only 
the relative content of guanylic acid was affected. 
When only labelled nucleotides were considered, as 
in the **P assay column, it appears that slightly 


whereas 8-azaguanylic 


more 8-azaguanylic acid was synthesized than 
guanylic acid, and that the summation of these two 
nucleotides produced polynucleotides resembling 
the composition of normal nucleic acid. 

Since other phosphorus-containing metabolites 
may be associated with the bacterial nucleic acid 
fraction, as has been reported for similar alkali 
digests rat liver (Davidson & 
Smellie, 1952), the above results were calculated 


obtained from 
also in terms of molar activities. These values have 
been converted into relative molar activity so that 
the average activity of the nucleotides of the control 
culture would equal 100. The addition of **P to a 
control bacterial culture growing exponentially in 
a medium containing some phosphate labels all 
nucleotides in accordance with their rate of forma- 
tion, so that the molar activities would be expected 
to be identical. It will be noted that this procedure 
does not involve any assumptions about the path- 
the 
activities were equal, as shown in Table 2, extra- 


way of synthesis of the nucleotides. Since 
neous 22P compounds apparently did not interfere 
with the present measurements. 

On the other hand, if a change in the relative 
rates of formation of the nucleotides should occur 
as, for example, an effect produced by the simul- 
taneous introduction of the analogue with the **P, 
the molar activities of the nucleotides would differ 
from 100. Thus if the synthesis of a nucleotide were 
accelerated in relation to growth, its relative molar 
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Fig. 2. Electrophoretic separation of mononucleotides from 


(a) Control; (b) from nucleic acid containing 8-azaguanine. Compounds from top (positive end) down are uridylic 
(8-azaguanylic), guanylic, adenylic and cytidylic acid. 


lane 2, 
only; lane 4, 


Table 1. Nucleotide composition of nucleic acids 
from cultures of Bacillus cereus grown in the 
presence and the absence of 8-azaguanine 


Analogue and **PO,3- ions were added simultaneously to 
growing bacterial cultures. 


Polynucleotide composition 
(moles/100 moles of nucleotides) 








acid fluorescence of guanylic and 8-azaguanylic acid; lane 3, ammoniacal fluorescence of 8-azaguanylic acid 
radioautograph from *?P-labelled nucleotides. 


Extinction assay 32P assay 
Nucleotide — ‘ mine ; - 
isolated Inhibited Control Inhibited Control 
Cytidylic acid 21-8 23-2 20-8 2 
Uridylic acid 26-5 24-] 26-4 2 
Adenylic acid 23-0 23°5 23-0 | 
Guanylic acid 20-6 29-2 13-5 27:9 
8-Azaguanylic 8-1 0-0 16-2 0-0 


acid 








activity would be increased. Since the tracer was 
added to the two cultures when both had identical 
bacterial concentrations, the corresponding nucleo- 
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| 
| 


| 


1 2 3 4 


normal and 8-azaguanine-containing nucleic acid. 


Lane 1, ultraviolet-light absorption due to nucleotides; 


tides isolated after further growth from the control 
and would be diluted by 
identical quantities of unlabelled material. 


inhibited cultures 


Thus the relationship between the increased synthesis 


(n; 


m; R; R, 
M, Nn; 4 -|3 Ne | 
where m; represents molar activity of [8?P]nucleotides from 
inhibited culture, m, molar activity of [%?P]nucleotides 
from control culture, R; radioactivity of [#*P]nucleotides 
from inhibited culture, R, radioactivity of [*P]nucleotides 
from control culture, 7,’ 
inhibited culture synthesized after addition of tracer, 
n,’ moles of [82P Jnucleotides from control culture synthesized 
after the addition of tracer, and n, (=n,) moles of [*P]- 
nucleotides from either culture synthesized before addition 


moles of [?2P]Jnucleotides from 


of tracer. Since 
R, R&R, 
> , ,? 
nN,’ N, 
m, (n,’+n,) 0,’ 
m,. (nN; +n.) n, 


‘/n,’) and the increased relative molar activity would be: \ 
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In these experiments n, is proportional to the turbidi- 


metric reading, measured at 540 my, of the bacterial 
cultures at the time of addition of **P, and n,’ 
to the difference between the readings at harvest and at the 
addition of **P. 

Since the control and inhibited cultures did not 
liferate to exactly the same extent, the molar activities of 


the inhibited cultures were adjusted by use of the formula 


corresponds 


pro- 


, 


mj, Ni(N;, + Ne) 
, , ? 
M;, 1;,(M%;, +N) 


where the subscripts 1 and 2 refer to the bacterial concen- 
trations at various harvests. 
The results of these calculations are shown in Table 2 
The activity of 8-azaguanylic acid is higher than 
that of the the 
former compound is undiluted by unlabelled ribo- 


other nucleotides because only 
nucleotide existing before the introduction of the 
2P, Again, the guanylic the 
inhibited micro-organisms differs in molar activity 
from the other natural nucleotides. 
is also confirmed. 


acid isolated from 
The increase in 
nucleic acid content The simi- 
larity between the adjusted activity of guanylic 
acid of the nucleic acid containing 8-azaguanylic 
the 


signifies that 


nucleotides from 
control nucleic acid synthesis of 
guanylic acid was not impaired by the action of the 
inhibitor. Instead, the biosynthesis of cytidylic acid, 
uridylic acid and adenylic acid was approximately 
doubled 
acid replaced guanylic acid in that nucleic acid 
formed in excess of the normal quantity. 

When [C]8-azaguanine was used to inhibit the 
bacterial culture and the usual procedure for the 


acid and the activities of 


in these experiments, and 8-azaguanylic 
> « 


isolation of nucleotides was followed, the 8- 
azaguanylic acid was radioactive. No activity 


the where 8-aza- 
adenylic acid would be expected, if such conversion 


into this compound had taken place. 


could be found in position 


Table 2. 
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Treatment with ribonuclease 


A ground bacterial preparation which contained 
1 part of [#4C]8-azaguanine to 3 parts of nucleic 
acid guanine was treated with ribonuclease and 
Additional 
obtained by paper electrophoresis at pH 3-5 in 


chromatographed. fractionation was 
ammonium formate buffer, perpendicular to the 
chromatographic separation. The normal 
tuents of such a digest can readily be recognized by 


consti- 


this procedure (Markham & Smith, 19526), and 
those containing 8-azaguanine were located by 


fluorescence and measured by their radioactivity. 
The latter metabolites were eluted and subjected to 
further electrophoresis at pH 1-9 in glycine buffer 
(3:75 g. of glycine/l. of 0-05N-HCl) and 7-4 in 
phosphate buffer (KH,PO,, Na,HPO,; 3:7, w/w; 
0-05M). 
about the composition of the non-8-azaguanine 
part of the fractions, at 
pH 7-4 revealed particularly the terminal groupings 
of the fractions, such as the nucleosides, 
:3’-phosphates, the 
phates. The results of this fractionation scheme are 


The separation at pH 1-9 gave information 
whereas the treatment 


the nucleo- 


side 2’ or nucleoside 3’-phos- 
shown in Fig. 3 and Table 3, where the mobilities 
relative to 8-azaguanylic acid are shown, and the 
identity of the various fractions suggested. 
Although final identification of the many frag- 

would require a analysis 
with larger amounts of material, the chromato- 
graphic and behaviour of the 
various compounds matched quite well the values 
metabolites of 8-azaguanine 


which might be expected in such a ribonuclease 


is 


ments more rigorous 
electrophoretic 
calculated for those 


digest. 
recovered 


The largest portion of the analogue was 
in the form 8-azaguanosine 2’:3’- 
phosphate, as well as dinucleotides terminated by 
the latter. 


of 


Relative molar radioactivities of nucleotides isolated from nucleic acids of cultures of 


Bacillus cereus grown in the presence and the absence of the inhibitor 8-azaguanine 


Analogue and *2PO,3 


ions were added simultaneously to growing bacterial cultures. 


Figures in parentheses are 


adjusted to allow for unequal proliferation of inhibited and control cultures. 


Treated Control 
Nucleotide isolated Expt. | ae 2 Expt. 1 Expt. 2 

Cytidylic acid 1-12 (1-44) 29 (1-48) 0-97 1-01 
Uridylic acid 1-18 (1-51) : -26 (1-45) 1-05 1-02 
Adenylie acid 1-18 (1-51) 1-23 (1-42) 1-05 1-01 
Guanylic acid 0-77 (0-99) 0-94 (1-08) 0-97 0-95 
8-Azaguanylic acid 2-37 1-94 
Average (1-49)* — (1-45)* 1-00 1-00 
Increase in nucleic acid content 109 93 0 0 

over control (%) 

* For inhibited cultures, averages include only cytidylic acid, uridylic acid, and adenylic acid. 
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8-Azaguanine metabolites in the acid-soluble fraction 


The relatively small amount of 8-azaguanine 
metabolites in the acid-soluble fraction has com- 
plicated the search for the minor constituents of 
these samples. Chromatography regularly revealed 
two major metabolites which have been identified 
as 8-azaguanosine 5’-phosphate and 8-azaguano- 
sine. These compounds were usually present in the 
molar ratio 1:4. 

8-Azaguanosine 5’-phosphate. This nucleotide had 
the same R, in propan-2-ol-aq. NH; soln. as 8- 
azaguanosine 3’-phosphate, obtained by alkaline 
hydrolysis of polynucleotides. The low R, value 
was similar to that of guanylic acid. When sub- 
jected to paper electrophoresis at pH 9-2 in sodium 
borate buffer (19 g./l.; 0-05m), the metabolite 
showed a slightly higher mobility than that of the 
3’ derivative. Upon rechromatography in propan- 
2-cl-aq. NH, soln., however, the 3’ derivative 
retained its original R,, whereas 8-azaguanosine 
5’-phosphate, which had formed a borate complex, 
had a much lower FR, value in this solvent. Whereas 
8-azaguanosine 5’-phosphate has a_ cis-glycol 
structure the 3’ derivative does not, and therefore 
it does not form such a complex. 

For additional confirmation, snake-venom phos- 
phodiesterase was prepared by the method of Butler 
(1955). Treatment of bacterial nucleic acids contain- 
ing 8-azaguanine with this enzyme by incubation 
at 37° for 24 hr. liberated 8-azaguanosine 5’-phos- 
phate, which was identical in behaviour with the 
compound isolated from the acid-soluble fraction. 


Table 3. 


H. G. MANDEL AND R. MARKHAM 





Electrophoresis 
ee el 


| 


Propan-2-ol-aq. NH3 soln. 


Fig. 3. Separation pattern of compounds derived from 
ribonuclease treatment of nucleic acids containing 8- 
azaguanine. Mixture is placed at the top left, followed by 
chromatography in propan-2-ol-aq. NH, soln. in a 
vertical direction and electrophoresis at pH 3-5, negatively 
charged compounds moving towards the right. Black 
spots are due to 8-azaguanine metabolites, with numbers 
corresponding to those in Table 3. Other spots (lettered 
as in Table 3) are due to normal fragments isolated from 
the digest, as indicated. 


Characterization of 8-azaguanine metabolites found and expected after ribonuclease 


treatment of 8-azaguanine containing nucleic acids from Bacillus cereus 


Chromatography zones of oligonucleotides after Markham & Smith (1952). A - 
8-azaguanylic. Mobilities are given relativ 


U =uridylic; Z 


mobilities in the opposite direction from 8-azaguanylic acid. 


Chromato- 
graphic 
position 


Relative 


(%) 


Compound 


isolated identity 


AZU 
AZZ* 
ZU 
ZZ* 
Z 
GZ* 

ZC* 

AZ* 

7 

ZC 
AAZ* 
ZU* 

Z (side) 
AZ (side) 
GZ (side) 


of Who 
x 


ac 
moO 
SR DO Doe ee 


or 
me 


* Nucleoside 2’ 


Suggested 


Adenylic; C 
e to 8-azaguanylic acid ( 


cytidylic; G =guanylic; 
100). Negative values refer to 


Mobility 
pH 3-5 pH 1-9 pH 7-4 
Se ea lace 7 oat nated 
Obs. Cale. Obs. Cale. Obs. Cale. 
115 (125) (100) 100 (105) 
115 (125) _ (90) 85 (80) 
155 145) 135 (155) 105 (115) 
155 (145) - (145) 75 (85) 
100 (100) 100 (100) 100 (100) 
125 (130) 135 (120) 85 (85) 
70 (85) 75 (60) 90 (85) 
100 (105) 75 (60) 70 (80) 
100 (100) 100 (100) 70 (65) 
(85) (60) - (110) 
(100) (35) (50) 
(145) - (155) (90) 
(0) — (-10) (15) 
(35) ( — 25) (45) 
(55) (35) (45) 


:3’-phosphate. 
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8-Azaguanosine. This compound had the charac- 
teristically high R, of other nucleosides, and was 
identified by comparing its mobility at various pH 
values with the calculated mobilities. It lacked 
mobility at pH 3-5, and moved more slowly than 
8-azaguanine at pH 7-4 (phosphate buffer) and 
pH 9-2 (glycine buffer). In sodium borate buffer at 
pH 9-2, however, it moved faster than the free 
base. These results were anticipated for a nucleo- 
side, since the characteristic cis-glycol structure 
enabled it to form a charged borate complex, 
resulting in greater mobility in such a system. 
After acid hydrolysis of the metabolite, 8-aza- 
guanine was recovered. 

To establish further the presence of the nucleo- 
side, the metabolite was oxidized with sodium 
metaperiodate, followed by incubation at 37° at 
pH 10 overnight, the method of Whitfeld (1954) for 
cis-glycols being used. The products were purified 
by chromatography in propan-2-ol—aq. NH, soln. 
followed by paper electrophoresis at pH 9-2. 
8-Azaguanine was liberated during the oxidation, 
confirming the identity of the metabolite as the 
nucleoside. 

For a comparison with the authentic nucleoside, 
8-azaguanylic acid prepared by alkali hydrolysis of 
bacterial nucleic acids was caused to react with 
prostatic phosphomonoesterase at 37° for 30 min. 
The resulting nucleoside corresponded in its pro- 
perties with the isolated metabolite. 

Other compounds. 8-Azaguanine was also present 
in this fraction. Occasionally 8-azaxanthosine was 
found in trace amounts. This compound had a 
slightly greater R, in propan-2-ol—aq. NH, soln., 
and had slightly greater mobility in sodium borate 
buffer at pH 9-2 than did 8-azaguanosine. The 
presence of 8-azaxanthosine in ethanol extracts of 
B. cereus has already been reported (Matthews & 
Smith, 1956). After periodate oxidation (Whitfeld, 
1954) 8-azaxanthine was isolated. 

No other metabolites could be detected. 


8-Azaguanine metabolites in the bacterial medium 


Chromatographic analysis of the bacterial 
medium after inhibition of bacterial growth by 8- 
azaguanine regularly revealed two major meta- 
bolites, in addition to 8-azaguanine which was 
present in excess. These were 8-azaguanosine and 
another metabolite which has not yet been identi- 
fied. 

8-Azaguanosine. This compound was identical 
with that from the acid-soluble fraction. Approxi- 
mately 5 % of the 8-azaguanine of the medium had 
been converted into the nucleoside. 

Unidentified metabolite. The second metabolite, 
which derived the 
analogue of the medium, had a very small R, in 
propan-2-ol-aq. NH, soln., 


was from another 5% of 


thus 


resembling a 
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nucleotide. The metabolite, however, evidently 
did not contain phosphate, since it did not 
become radioactive when a culture growing in the 
presence of *2P was inhibited with unlabelled 
8-azaguanine. 

The metabolite apparently has a relatively 


strong basic since at 
toward the 
azaguanine. At pH 9-2 the metabolite had a greater 
mobility than 8-azaguanine though less than that of 
8-azaguanylic acid, thus suggesting a relatively 
strong acidic group. No 
detected in mobility in glycine or sodium borate 
buffers at pH 9-2, indicating the lack of a sugar 
group containing cis-glycol. After treatment with 
N-HCl at 100° for 1 hr. the compound retained its 
original properties. The metabolite apparently con- 
tained the C-2 atom since it became labelled when 
[2-14C]-8-azaguanine was used. It therefore seemed 


group, 
xathode ‘more rapidly than did 8- 


pH 1-9 it moved 


difference could be 


likely that the purine skeleton remained intact, and 
that a conjugate was formed with a part having a 
strong acid and a part with a basic charge. The 
identity of this substance is being studied to 
determine whether a conjugate of 8-azaguanine is 
formed with an amino acid. Normal purines have 
been known to form such complexes (Carter & 
Cohen, 1956). 

Other compounds. A trace of 8-azaxanthosine was 
found in the medium also. 


8-Azaguanosine ejected by bacteria into a medium 
supplemented with purine compounds 


The introduction of a purine compound, such as 
guanosine, into a culture already inhibited with 
8-azaguanine results in the recovery of the growth 
rate, together with the ejection of some of the 
8-azaguanine from the RNA fraction of the cells, as 
already described (Mandel, 1957). In the present 
experiments, bacteria inhibited with labelled 8- 
medium 


4 


azaguanine were transferred to a new 
containing either guanosine or guanylic acid. After 
lhr., during which the culture was allowed to 
the 


8-Azaguanosine was 


resume its normal growth, medium was 
analysed for radioactivity. 
isolated and shown to be identical with the meta- 
bolite characterized above. 

It was observed in these investigations that after 
the addition of guanylic acid to the bacterial 
culture, a large amount of this nucleotide was con- 
verted into the nucleoside which was present in the 
medium, indicating that extensive dephosphoryl- 
ation had taken place. It is very likely therefore 
that the 8-azaguanosine isolated after the reversal 
of growth was derived from an 8-azaguanosine 
phosphate by dephosphorylation. 

No other metabolites of 8-azaguanine, nor other 
nucleotides or nucleosides, could be detected in the 


medium. 
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Comparisons with [4C]guanine metabolism 
in Bacillus cereus 

Several experiments were carried out by pro- 
cedures identical with those described, but in which 
labelled guanine was used rather than 8-azaguanine, 
to serve as comparison. 
of the 
nucleotides after paper electrophoresis at pH 3-1 


Nucleic acid fraction. Isolation mono- 


revealed that some of the labelled guanine was 


converted into adenine. The molar activity of 
adenylic acid was found to be 45% of that of 


guanylic acid. 

Acid-soluble fraction. Guanosine and guanosine 
5’-phosphate were isolated, as well as several other 
compounds of higher R,, in propan-2-ol-aq. NH; 
soln. Guanosine 5’-pyrophosphate could not be 
detected. 

Bacterial 
were found, probably guanine and guanosine, but 


medium. Traces of two metabolites 
no compound could be isolated which corresponded 
in R, in the propan-2-ol—aq. NH, soln. system to 
the unidentified metabolite present in the medium 


of a bacterial culture inhibited by 8-azaguanine. 


DISCUSSION 

The replacement of guanylic acid by 8-azaguanylic 
acid in a portion of the ribonucleic acids of a 
bacterial culture of B. cereus growing in the presence 
of 8-azaguanine is not surprising in view of the 
close structural analogy of the latter to guanine. In 
experiments with tobacco mosaic virus and 8- 
azaguanine, where the extent of incorporation of 
the analogue was extremely small, the 8-azaguanine 
in the nucleic acid fraction was found to be present 
at the expense of guanine (Matthews, 1953). There 
is no information about whether a change in the 
nucleic acid content of the virus occurred, but such 
a change would not be expected to be appreciable 
because of the slight extent of incorporation of the 
analogue. 

It has been reported previously (Mandel, 1957) 
that the relative extent of incorporation of the 
analogue decreased when it was added at increasing 
bacterial concentrations. Under conditions such 
that a large incorporation of the analogue took 
place, it was shown that a culture inhibited by 
8-azaguanine incorporated 60% as much of the 
analogue into nucleic acids as that amount of 
exogenous guanine taken up by a control culture 
during the same increase in cell mass (Mandel, 
1957). 
the presence of ['#C]guanine, however, a certain 


In the normal micro-organism growing in 
amount of this purine was converted into the 
adenine of polynucleotides. Calculations based on 
the relative molar activities of guanine and adenine, 
as well as their relative abundances in the nucleic 
acids, showed that only about 70% of the guanine 
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taken up by a culture of B. cereus was used for 
synthesis of guanylic acid. Since synthesis of 
guanylic acid was not affected in these experiments, 
it appears that guanylic acid and 8-azaguanylic acid 
were synthesized at approximately the same rate. 

The formation incorporation of 8-aza- 
adenine from 8-azaguanine could not be observed 


and 


in any of the experiments, even though the reverse 
process, i.e. the formation of 8-azaguanine from 8- 
aza-adenine and the subsequent incorporation of 
8-azaguanine, described for 
mosaic virus (Matthews & Smith, 1955). In B. 
8-aza-adenine is not converted 
into the guanine analogue (Smith & Matthews, 
1957), nor could conversion of 8-azaguanine into 
the 


has been tobacco 


cereus, however, 


8-aza-adenine be demonstrated in 
(Mandel, Carl6 & Smith, 1954). 

The great preponderance of cyclic 8-azaguano- 
sine 2’:3’-phosphate in the ribonuclease digest is in 
agreement with the findings of Matthews & Smith 
(1956). The isolation in the present experiments of 


mouse 


what appear to be dinucleotides ending in cyclic 
8-azaguanylic acid strengthens their hypothesis 
that incorporation of 8-azaguanine is greatest in 
the terminal portions of polynucleotide chains. The 
concentration of recovered cyclic 8-azaguanylic 
acid implies that polynucleotides built during in- 
hibition with 8-azaguanine are relatively short. 

The ejection of 8-azaguanine from the bacterial 
cell under conditions of reversal of inhibition of 
growth suggests that during the restoration of 
growth the 8-azaguanine incorporated primarily at 
the terminal ends of polynucleotides was removed, 
since no other nucleotide fragments were evident. 
Since the 8-azaguanine was localized principally at 
these end groups, such a degradation of part of the 
nucleic acid could take place without any additional 
turnover. The possibility remains, however, that 
normal nucleotides from degraded nucleic acids 
might be re-utilized preferentially and thus would 
not be found in the medium. 

Recent 
thiouracil 


experiments on the incorporation of 
into mosaic virus (Mandel, 
Markham & Matthews, 1957a) have revealed a 
similar distribution of that analogue in poly- 
nucleotides. It that thiouracil 
occupied several of the positions normally occupied 
by uracil, with a tendency for the analogue to be 
concentrated at the ends of polynucleotide chains, 
particularly more at one end than the other. 


tobacco 


was concluded 


It is interesting that 8-azaguanosine 5’-phosphate 
was isolated from the acid-soluble fraction of the 
inhibited micro-organisms, in view of the prob- 
ability that this compound acts as a precursor for 
formation of nucleic acid, perhaps by an enzyme 
similar to that isolated by Grunberg-Manago & 
Ochoa (1955) from Azotobacter, which uses nucleo- 


side 5’-pyrophosphates as substrates. Although the 
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last-named derivative of 8-azaguanine could not be 
isolated, it is possible that this compound was 
present in too small an amount to be detectable, or 
else that it was immediately incorporated into the 
polynucleotide. Under the experimental conditions, 
guanosine 5’-pyrophosphate could not be detected 
after bacteria had been grown in the presence of 
labelled guanine. The presence of guanosine pyro- 
phosphate in the acid-soluble portion of rat tissues 
has been reported (Schmitz, Hurlbert & Potter, 
1954). 

8-Azaguanosine 5’-phosphate could well form the 
pyrophosphate or some other intermediate which is 
directly responsible for the inhibition of growth 
produced by 8-azaguanine, perhaps by antagoniz- 
ing guanosine pyrophosphate. This last-named 
compound acts, among other ways, as a cofactor 
for the incorporation of amino acids into proteins in 
a rat-liver enzyme system (Keller & Zamecnik, 
1956). The 8-azaguanine metabolite could then be 
incorporated into the nucleic acids. The lack 
of a direct relationship between the extent of 
inhibition of growth caused by the analogue and 
the total amount of 8-azaguanine incorporated 
into the nucleic acid fraction (Mandel, 1957) 
might be explained by the existence of such an 
intermediate. 

The isolation of both 8-azaguanosine 5’-phos- 
phate in the acid-soluble fraction and the presence 
of (cyclic) 8-azaguanosine 2’:3’-phosphate in the 
ribonuclease digest resulting from incorporation of 
8-azaguanine suggests the existence of more than 
one route of synthesis of nucleic acid and incorpora- 
tion of the analogue. 

In addition to the pathway involving the poly- 
merization of the 5°-phosphates, as postulated by 
Grunberg-Manago & Ochoa (1955), the cyclic 
nucleotides might also serve as intermediates in 
synthesis of nucleic acid, perhaps with the utiliza- 
tion of a reversible enzyme similar to ribonuclease 
(Heppel, Whitfeld & Markham, 1955). 


SUMMARY 


1. During the partial inhibition of growth of 


Bacillus cereus produced by 8-azaguanine, the newly 
formed ribonucleic acids (RNA) contain 8-azagua- 
nine as well as the normal base guanine. 

2. The relative base composition of the nucleic 
acids remains unchanged, with the analogue sub- 
stituting for some of the guanine. 

3. The ribonucleic acid guanylic acid content of 
the inhibited bacteria is similar to that of the 
control but the amount of 
adenylic, cytidylic and uridylic acid increases in 
proportion to the quantity of the analogue in- 
corporated. 

4. It is deduced that 8-azaguanylic acid replaces 


20 


micro-organisms, 
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guanylic acid in the excess portion of the bacterial 
nucleic acids only. 

5. A major portion of the incorporated 8- 
azaguanine is present at the ends of polynucleotide 
chains in the form of cyclic 8-azaguanosine 2’:3’- 
phosphate. 

6. Additions of guanine or guanosine to a 
culture inhibited by 8-azaguanine apparently leads 
to the loss of 8-azaguanylic acid from the poly- 
nucleotides. 

7. 8-Azaguanosine 5’-phosphate has been iso- 
lated from the acid-soluble fraction of the cells, and 
its possible function in synthesis of nucleic acid is 
discussed. 


One of the authors (H.G.M.) is indebted to the Common- 
wealth Fund for an Advanced Fellowship in the Health 
Field. A part of this research was aided by research grant 
CY-2978 from the National Cancer Institute, U.S. Public 
Health Service. 
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Effect of Nitrophenols and Halogenophenols on the 
Enzymic Activity of Rat-liver Mitochondria 
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Many studies on oxidative phosphorylation involve 
the use of 2:4-dinitrophenol (DNP) as an inhibitor 
of that process. Investigations of this kind and of 
other manifestations of DNP activity are numerous 
(for a review, see Brody, 1955). In some respects, 
other nitrophenols and also halogenophenols have 
similar biological properties to DNP (Clowes, 
Keltch, Strittmatter & Walters, 1950; De Deken, 
1955). In particular, pentachlorophenol has been 
the subject of a study in parallel with DNP 
(Weinbach, 1954, 1956), and p-nitrophenol has 
been used by Terner (1954). 

In spite of the extensive use of DNP in the study 
of plant- and animal-tissue metabolism, little is 
known of the way in which it produces its effects. 
There is general acceptance of the hypothesis that 
DNP accelerates the breakdown of some ‘high- 
energy’ compound formed during the synthesis of 
adenosine triphosphate coupled with the oxidation 
of substrates of the tricarboxylic acid cycle (Lardy, 
1956; Slater & Lewis, 1954). The more restricted 
theory that DNP causes the breakdown of some 
phosphorylated intermediate was proposed by 
Hunter (1951), who also suggested the possibility 
that DNP itself may be phosphorylated with the 
formation of dinitrophenyl phosphate. The latter 
hypothesis has been rejected mainly on the grounds 
of the stability of dinitrophenyl phosphate (Lardy 
& Wellman, 1953). A similar argument has been 
advanced by Weinbach (1956) 
Brinch-Johnsen & Walaas (1956). 

It is the object of the present work to record 
some observations on the similarities and differ- 
ences of a series of nitro- and halogeno-phenols with 
respect to their action on the enzymic activity of 
rat-liver mitochondria in vitro and also to reeord 
the relative stabilities of some substituted phenyl 


and Brigham, 


phosphates in mitochondrial preparations. For the 
purpose of this paper, characteristic effects of DNP 
on liver mitochondria have been compared with 
effects of the other phenols. There are three well- 
established biological actions of DNP, namely, the 
inhibition of oxidative phosphorylation (Loomis & 
Lipmann, 1948), which is usually demonstrated in 
the presence of hexokinase and glucose, the stimu- 
lation of oxidation of various substrates (Potter & 
Recknagel, 1951), which is revealed in the absence 
of hexokinase and glucose, and finally, the stimu- 
lation of adenosine triphosphatase activity (Myers 
& Slater, 1957). 


EXPERIMENTAL 
Methods 


Preparation of mitochondria. The isolation of rat-liver 
mitochondria and the source and treatment of the reagents 
used in the enzymic procedures were identical with those 
described by Aldridge (1957) except in two points of detail. 
The homogenizer was a Nelco (Measuring and Scientific 
Equipment, London) used at 5000 rev./min. for 14 min. 
and the cell debris and nuclei were removed by centrifuging 
at 650g instead of 800g. By this method mitochondria 
were produced which satisfied the criterion of normality as 
defined by Aldridge (1957) and earlier by Potter & Reck- 
nagel (1951). That is, in the presence of an appropriate sub- 
strate and cofactors these mitochondria are capable of a 
large increase of oxidative activity if presented with either 
DNP or hexokinase and glucose, or other substances which 
increase the rate of utilization of adenosine triphosphate. 

Oxidative phosphorylation. The incubations were made in 
Warburg flasks. Each flask contained 0-5 ml. of mito- 


chondrial suspension equivalent to 250 mg. wet wt. of liver, 
0-00115 m-sodium adenosine triphosphate, 0-001 15 M-adeno- 
sine monophosphate, 0:125m-KCl, 0-014mM-MgCl, ,6H,0, 
0-001m-disodium ethylenediaminetetra-acetic acid, 0-0154M- 
potassium phosphate, 0-06M-glucose, 0-0166m-glycylgly- 
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cine buffer, pH 6-75, 400 units of hexokinase [modified 
version of method of Berger, Slein, Colowick & Cori (1946) 
to about step 3a], 0-01 M-glutamic acid as substrate, 0-1 ml. 
of an aqueous solution of the phenol or, with phenols of 
low solubility, a solution in 10% (v/v) ethanol. In the 
absence of phenol, 0-1 ml. of distilled de-ionized water was 
used. Final volume was 3 ml.; 0-15 ml. of 20% KOH was 
present in the centre well. Gas phase, air. Final pH was 
6-7-6:8. Temp., 37°. After temperature equilibration for 
10 min., O, uptake was recorded for the following 10 min. 
The flasks were removed from the manometers and the 
reactions stopped by the addition of 0-5 ml. of 60% (w/w) 
perchloric acid. Initial inorganic phosphate was deter- 
mined in a zero-time flask to which had been added 0-5 ml. 
of perchloric acid before the addition of the mitochondria. 
In each flask inorganic phosphate content was measured. 
By this method O, uptake was measured over a period of 
10 min. and phosphate uptake over a period of 20 min., and 
thus for the purpose of calculation of the P:O ratio the 
method depends upon the linearity of the O, uptake. Such 
a linear relationship was established for the time which 
elapsed after the initial O, uptake reading at 10 min. and 
was assumed for the time from 0 to 10 min. As the P:O 
ratio was required only for comparative purposes, it was 
felt that the assumption was warranted. 

Stimulation of oxidation. These experiments were also 
performed by the Warburg technique. The constituents 
and the final concentrations of the contents of each flask 
were the same as described in the previous method except 
that glucose and hexokinase were omitted. The mito- 
chondrial suspension was decreased to 0-35 ml., equivalent 
to 175 mg. wet wt. of liver. The final volume was adjusted 
to3 ml. Gas phase, air; pH was 6-8. Temp., 37°. The flasks 
and contents were equilibrated for 10 min. before the 
initial reading. Observations of the O, uptake were re- 
corded at 10 min. intervals for the subsequent hour. 

Adenosine triphosphatase. In these experiments the 
liberation of inorganic phosphate from adenosine triphos- 
phate was measured in the presence of mitochondria and 
the conditions of pH and tonicity (0-30-0-33 osmolar) were 
as nearly as possible identical with those of the previous 
experiments. Each vessel contained 0-0034M-sodium 
adenosine triphosphate, 0-13mM-KCl, 0-014m-MgCl, ,6H,O, 
0-001 m-disodium ethylenediaminetetra-acetic acid, and 
00166 M-glycylglycine. The mitochondrial suspension was 
05 ml. The phenol was added as 0-5 ml. of an aqueous 
solution and the final volume adjusted to 3 ml., pH 6-8. 
Temp., 37°. The vessels were placed in a Dubnoff constant- 
temperature shaker and equilibrated for 10 min. before the 
addition of the mitochondria. After a further 10 min., the 
reaction was stopped by the addition of 0-5 ml. of 60% 
(w/w) perchloric acid. The solutions were made up to 10 ml. 
with water, centrifuged and phosphate was determined in 
the supernatant. 

Hydrolysis of phenyl phosphates. For these experiments 
it was necessary to destroy the integrity of the mito- 
chondria as it was found that intact mitochondria hydro- 
lysed the phenyl phosphates only very slowly (cf. Berthet, 
Berthet, Appelmans & de Duve, 1951). The mitochondria 
were disrupted by substituting water for the KCl solution 
in the final suspension, leaving for 0-5 hr. at 0° and then 
subjecting them to a short treatment by the Nelco 
homogenizer. Each flask contained 0-0166 m-glycylglycine 
buffer, pH 6-8, 0-014m-MgCl,,6H,O and 0-0033 m-phenyl 
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phosphates. Final volume was 3 ml. Temp., 37°. After 
shaking in the Dubnoff apparatus for 10 min., 0-5 ml. of 
mitochondrial suspension was added. At intervals of 
15 min., flasks were removed and 0-5 ml. of 60% (w/w) 
perchloric acid was added to each. At the conclusion of the 
experiment the contents of each vessel were made up to 
10 ml. with water, centrifuged and phosphate was deter- 
mined in the supernatant. Control experiments were 
performed in vessels without mitochondria to determine 
the non-enzymic hydrolysis of the phenyl phosphates. 
With pentachlorophenyl phosphate it was necessary to 
dilute the mitochondria preparation fivefold before the 
experiment. 

Phosphate determination for all experiments was by the 
method of Fiske & Subbarow (1925). 

The mitochondrial preparations were analysed for pro- 
tein by a modification of the quantitative biuret reaction of 
Robinson & Hogden (1940) described by Aldridge (1957). 

Dissociation constants. These were taken from the 
literature as follows: o-, m-, p-nitro-, 2:5-dinitro-, o- and p- 
chloro-phenols from Judson & Kilpatrick (1949); 2:4- 
dinitro-, 2:6-dinitro- and 2:6-dichloro-4-nitro-phenols from 
Krahl & Clowes (1938); s-trichloro- and 2:4-dichloro- 
phenols from Ketelaar, Gersmann & Beck (1952); and 
pentachlorophenol from Blackman, Parke & Garton (1955). 


Materials 


The phenols used were all obtained from commercial 
sources. The phenyl phosphates were obtained as follows: 
pentachlorophenyl phosphate and p-chlorophenyl phos- 
phate from Roche Products Ltd., o-chlorophenyl phosphate 
and 2:4-dichlorophenyl phosphate from Professor E. J. 
King; s-trichlorophenyl phosphate was prepared by the 
hydrolysis of s-trichlorophenyl phosphorodichloridate 
(Havinga, de Jongh & Dorst, 1956), which in turn was pre- 
pared by treatment of s-trichlorophenol with excess of 
phosphorus oxychloride in the presence of NaCl (Kraft & 
Katyshkina, 1952); m-nitrophenyl phosphate and p-nitro- 
phenyl phosphate were prepared by the method of Bessey 
& Love (1952). The following methods were used in un- 
successful attempts to prepare 2:4-dinitrophenyl phos- 
phate: reaction between DNP and dibenzyl phosphoro- 
chloridate, followed by catalytic hydrogenation to remove 
the benzyl groups; reaction between DNP and bis-di- 
methylaminochlorophosphine oxide under various condi- 
tions, followed by hydrolytic removal of the dimethy]l- 
amino groups; reaction between DNP and phosphorus 
oxychloride in the presence of pyridine (Bessey & Love, 
1952); reaction between DNP and excess of phosphorus 
oxychloride with and without organic solvents, followed by 
various treatments of the dinitrophenyl phosphorodichlorid- 
ate so formed. 


RESULTS 
Preliminary experiments confirmed that at least 


qualitatively substituted and halogeno- 
phenols simulate the action of DNP in vitro. Thus 


nitro- 


they were all capable of stimulating the oxidation 
of glutamic acid; they could all stimulate or release 
‘latent’ adenosine triphosphatase (ATP-ase) ac- 
tivity of mitochondria, and they would all inhibit 
the phosphorylation associated with the oxidation 


20-2 
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of glutamic acid. The concentration of a given 
phenol needed to evoke any one of these effects was 
dependent upon the phenol concerned and, in 
general, could be correlated with its dissociation 
constant (Fig. 1). Similar relationships to that 
depicted in Fig. 1 could be demonstrated for the 
concentrations required to stimulated oxidation or 
ATP-ase activity. Phenol and o-nitrophenol both 
exhibit a lower activity than would be expected 
from a knowledge of their dissociation constants. 
Examination of the character of the stimulation 
and inhibition curves of these phenols shows that 
they can be divided into two groups on the basis of 
their DNP. 


Fig. 2 presents an illustration of the differences 


resemblance to or diversity from 
between the two groups. The curves of Fig. 2A 
(DNP) are characteristic of pentachlorophenol, 
p-nitrophenol. The main 
features are: a maximum in the ATP-ase curve, 


trichlorophenol and 
a large stimulation of oxidation of glutamic acid 
and an inhibition of oxidative phosphorylation 
with no effect on the concurrent oxygen uptake 
except at concentrations which completely inhibit 
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Fig. 1. 
concentration of phenol required to inhibit phosphate 
uptake by 50%. 
each experiment see Experimental section. @, Phenols 
studied with respect to their effect on oxidative phosphory]- 
ation, oxidative stimulation and increase of ATP-ase 
activity ; phenols studied with respect to their 
effect upon oxidative phosphorylation only. 1, DNP; 

2, o-nitrophenol; 3, p-nitrophenol; 4, m-nitrophenol; 

2:4- 


9, p-chlorophenol; 


Relationship between dissociation constant and 


For concentrations and conditions of 


5, pentachlorophenol; 6, s-trichlorophenol; 7, 
dichlorophenol; 8, o-chlorophenol; 
10, phenol; 11, 2:5-dinitrophenol; 12, 2:6-dinitrophenol; 


13, 2:6-dichloro-4-nitrophenol. 
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phosphorylation. The second group of phenols, 
exemplified in Fig. 2B by p-chlorophenol, also 
includes 2:4-dichlorophenol, 
nitrophenol, o-nitrophenol and phenol. These com. 


o-chlorophenol, m- 


pounds produce no maximum ATP-ase activity, 
they stimulate oxidation only slightly and inhibi- 
tion of oxidative phosphorylation is 
followed by inhibition of the concurrent oxygen 


closely 


uptake. The differences between the two groups are 
further demonstrated in Table 1, their 
activities compared with DNP are listed. 


where 


It is noticeable in Fig. 2A that the concentration 
of DNP producing maximum stimulation of ATP. 
ase activity coincides with that 
which produces maximum stimulation of oxidation. 


concentration 


This coincidence appears to be a property of the 
other phenols of this group (Table 2). The concen- 
tration of a phenol of this group required to inhibit 
oxidative phosphorylation by 50% is of the same 
order as the concentration evoking any one of the 
other two responses. 

The hypothesis that DNP and other substituted 
phenols act by accepting phosphate from a phos- 
phate donor of the high-energy system requires 
that the phosphorylated intermediate should be 
unstable. With intact mitochondria the rates of 
hydrolysis of the various phenyl phosphates were 
very slow. This was also the case with adenosine 
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Fig. 2. Characteristic activity and inhibitory curves of two 
groups of phenols. Type A, e.g. DNP. Type B, ©. 
p-chlorophenol. Values for each point for the three 
experiments were obtained as described in the Experi- 
mental section. A, Uptake of phosphate; O, uptake of 


oxygen. 
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Table 1. 


PHENOLS AND LIVER MITOCHONDRIA 


Relative influence of substituted phenols on enzymic activities of mitochondria 


309 


In the third column the stimulation of oxidation by DNP has been equated to 100% and the stimulation by the other 
phenols expressed on this scale. In the seventh column the presence or absence of a maximum in the ATP-ase activation 


curves is described as + or 


Stimulation of 
oxidation 


Conen. 

Compound (m) (%) 
DNP 2-0 x 10-5 100 
p-Nitrophenol 2-2 x 10-4 100 
Pentachlorophenol 9-2 x 10-6 80 
Trichlorophenol 1:8 x 10-4 70 
o-Nitrophenol 3-3 x 10-3 16 
m-Nitrophenol 6-7 x 10-4 22 
2:4-Dichlorophenol 1-1 x 10-4 27 
o-Chlorophenol 2-4 x 10-3 15 
p-Chlorophenol 2-8 x 10-4 21 
Phenol 8-0 x 10-3 7 


Table 2. 


respectively. All concentrations are expressed in molar terms. 


Inhibition of O, uptake when Maximum stimulation 


phosphate uptake =50% of ATP-ase 
Conen. Conen. 
(mM) (%) (mM) 
1-0 x 10-5 0 2:7 x 10-5 
1-0 x 10-4 0 2-2 x 10-4 
9-0 x 10-6 0 1-0 x 10-5 
4-0 x 10-5 0 1-0 x 10-4 
4:5 x 10-4 40 2-4 x 10-3 
1-6 x 10-4 40 6-3 x 10-4 
7-4 x 10-5 39 3-4 x 10-4 
4:5 x 10-4 24 2-8 x 10-3 
2-9 x 10-4 40 8-0 x 10-4 
6-0 x 10-3 46 1-6 x 10-2 


Comparative concentrations of type A phenols affecting enzymic activities of mitochondria 


ow 1, concentrations producing 50% inhibition of the P:O ratio: row 2, concentrations producing maximum stimula- 
tion of ATP-ase activity; row 3, concentrations producing maximum stimulation of oxidation. All concentrations are 


expressed in molar terms. 
Compound DNP 
(M) 
Experiment 
50% inhibition of P:O ratio 1x 10-5 
Stimulation of ATP-ase 2:7 x 10-5 
Stimulation of oxidation 2-0 x 10-5 


Table 3. Relative rates of hydrolysis of nitro- 


and halogeno-phenyl phosphates 


For composition of medium and concentration of phenyl 
phosphates or of adenosine triphosphate see Experimental 
section. For each experiment the rate of hydrolysis by 
water-treated mitochondria of each compound was com- 
pared with that of phenyl phosphate. Actual rates were 
calculated as pmoles of inorganic phosphate liberated/mg. 


of mitochondrial protein/10 min. , 
Relative rate 


Compound of hydrolysis 


Phenyl phosphate 1-00 
o-Chlorophenyl phosphate 0-75 
m-Nitrophenyl phosphate 0-95 
p-Chlorophenyl phosphate 1-40 
2:4-Dichloropheny! phosphate 1-45 
p-Nitrophenyl phosphate 1-70 
Trichlorophenyl phosphate 2-40 


20 
5-50 





Pentachlorophenyl phosphate 
Adenosine triphosphate 


triphosphate when incubated with mitochondria in 
the absence of substrate and inorganic phosphate. 
Nevertheless, rates of hydrolysis comparable with 
phenyl phosphate could be obtained when the mito- 
chondria had been subjected to some disruptive 
influence such as water. The results (Table 3) show 
that nitro- and phosphates 
derived from phenols whose activity towards mito- 


halogeno-phenyl 


chondrial systems in vitro most resemble DNP are 
relatively less stable in such mitochondrial pre- 


p-Nitrophenol Trichlorophenol —Pentachlorophenol 


(mM) (m) (mM) 
Lxie- 4-0 x 10-° 9x 10-6 
2-2 x 10-* 1-0 x 10-4 9-2 x 10-6 
2-2 x 10-* 1-8 x 10-4 1-0 x 10-° 


parations than phenyl phosphates derived from 
phenols of the second group. Thus, of the phenyl 
phosphates examined, pentachlorophenyl phos- 
phate is hydrolysed at a greater rate than any of 
the other phenyl phosphates examined and is 
derived from a parent phenol which is more active 
towards mitochondrial systems than any other 
phenol. For comparison, the stability of adenosine 
triphosphate determined under the same conditions 
is included in Table 3. 

The release of latent ATP-ase from intact mito- 
chondria by treatment with DNP is a well-estab- 
lished phenomenon (Myers & Slater, 1957). An 
experiment was performed in which the rate of 
hydrolysis of p-nitrophenyl phosphate relative to 
the rate of hydrolysis of phenyl phosphate was 
measured in the of 10-5m-DNP. The 


hydrolysis rate was then not increased above the 


presence 
low rate of non-enzymic hydrolysis. 


DISCUSSION 


It is a common feature of many of the compounds 
which have been reported to behave as DNP that 
phenolic hydroxyl 


they group, e.g. 


thyroxine, aureomycin, stilboestrol, usnic acid, 


possess a 


salicylic acid, nitro- and halogeno-phenols. It has 
also been shown that the hydroxyl group must be 
unsubstituted for full activity in mitochondrial 
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systems in vitro (Cross, Taggart, Covo & Green, 
1949). In the present study of nitro- and halogeno- 
phenols it is seen that there is a general adherence 
to DNP-like properties, but closer examination 
reveals the existence of two distinct groups. Of the 
second group of phenols, here exemplified by p- 
chlorophenol, a failure to produce marked stimula- 


tion of oxidation might be due to low solubility of 


the compound or its presence in the undissociated 
form. The most important finding, however, is that 
during their action on oxidative phosphorylation 
oxygen uptake is also greatly inhibited. This would 
appear to be the clearest practical distinction 
between phenols of the two groups. It is of interest 
that thyroxine (Hoch & Lipmann, 1954) and 
aureomycin (van Meter, Spector, Oleson & 
Williams, 1952) behave in a similar fashion. With 
these two the level of magnesium low concentra- 
tion is the major factor which determines their 
departure from the type of activity shown by DNP. 
This point has not been investigated among the 
phenols under discussion because it was considered 
desirable to compare their effects in a medium 
which, with respect at least to the major ionic 
species, resembled closely that of the intracellular 
fluid (Aldridge, 1957). 

That the degree of dissociation of a compound is 
of importance with respect to its biological activity 
has been stressed by Simon & Beevers (1952) and 
by Blackman et al. (1955). Furthermore, in a study 
of the effects of a series of nitro- and halogeno- 
phenols on yeast metabolism, De Deken (1955) 
concluded that the active agent was the undis- 
sociated phenol. From the present work the 
opposite conclusion can be drawn for, at the experi- 
mental pH 6-8, it is those phenols which are highly 
dissociated which are the most potent inhibitors of 
oxidative phosphorylation. On the other hand, 
those phenols which are poor inhibitors are, in 
general, in the undissociated form. A reconciliation 
between the two points of view may be made by 
consideration of the intracellular pH of the yeast 
cell. The consensus of opinion (Caldwell, 1956) is 
that this value is about pH 5-9. When it is borne in 
mind that the most active phenols used by De 
Deken have pK values of 4-6 or less it is evident 
that these compounds were largely in the dissoci- 
ated form in the interior of the yeast cell. A further 
observation by De Deken (1955), namely that the 
inhibitory power of a phenol is weakened by the 
presence of an ortho substituent capable of hydro- 
gen-bonding, is confirmed. Both o-chloro- and o- 
nitro-phenol exhibit lower activity than would be 
expected from a knowledge of their dissociation 
constants, although the discrepancy with o-chloro- 
phenol is the lesser of the two. The decrease in 
activity due to the proximity of nitro groups to the 
hydroxyl group is seen in DNP, with one such 
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group, and 2:6-dinitrophenol with two o0-nitro 
groups, whereas the dissociation constants are not 
very different. In addition, the change from o- 
nitro to o-chloro substitution, here exhibited 
2:6-dinitrophenol and _  2:6-dichloro-4-. 
nitrophenol, increases the biological activity in 
favour of the latter compound. 


between 


Once again the 
dissociation constants are almost the same. In the 
two compounds each with o-nitro substituents but 
with differing dissociation constants, the one with 
the lower pK value is the more active, e.g. DNP 
(pK 4:0) is more active than 2:5-dinitrophenol 
(pK 5-1). The marked effect of a second o-nitro 
group was demonstrated in a single experiment 
with picric and picramic acid on oxidative phos- 
phorylation. Picric acid (pK 1) at the highest con- 
centration obtainable (10-?m) was a poor inhibitor, 
whereas picramic acid (pK 4-2) had an inhibitory 
power similar to that of 2:5-dinitrophenol, although 
not as great as its dissociation constant would lead 
one to expect. 

Among the possible modes of action of DNP, 
Hunter (1951) mentions the intermediate forma- 
tion and spontaneous or enzymic decomposition of 
dinitrophenyl phosphate. Since then the hypo- 
thesis has been examined and in general rejected 
mainly on the grounds of stability of the phos- 
phorylated intermediate. It is stated in a footnote 
to the paper of Lardy & Wellman (1953), for 
instance, that dinitrophenyl phosphate is a re- 
latively stable compound. Again, for pentachloro- 
phenol, Weinbach (1956) considers the hypothesis 
as unlikely and states that pentachlorophenyl 
phosphate is inert in intact or damaged mito- 
chondrial systems. Brigham et al. (1956) consider 
this theory in their studies on the action of DNP 
but, using p-nitrophenol, they were unable to 
demonstrate the formation of p-nitrophenyl 
phosphate. 

The data of this paper suggest that the inhibition 
of uptake of phosphate, the stimulation of oxid- 
ation and the stimulation of adenosine triphosphat- 
ase by DNP are manifestations of a single pheno- 
menon. If this is so and if it be that dinitrophenyl 
phosphate is an intermediate in this reaction it 
follows that the compound should undergo rapid 
resolution into dinitrophenol and phosphate. It 
would therefore be difficult to detect the formation 
of such a compound. It was thought, nevertheless, 
that labelling the compound with *P would increase 
the chance of such detection. But it was calculated, 
with p-nitrophenol for instance, that under the 
most favourable conditions of negligible hydro- 
lysis the maximum radioactivity of p-nitrophenyl 
phosphate would not be distinguished from the 
background activity (determined with an M.G. 20th 
Century liquid counter). This was in fact the 


result of an experiment in which carrier p-nitro- 
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phenyl phosphate was added to mitochondria sub- 
jected to the inhibitory effect of 10-4M-p-nitro- 
phenol in the presence of about 1 yo of *P. 

Although the rates of hydrolysis of the nitro- 
and halogeno-phenyl phosphates in damaged mito- 
chondria may bear no relationship to the rates in 
intact mitochondria, they at least demonstrate 
that mitochondria do contain enzymes capable of 
this action. The reservation must be made that one 
enzyme which may be responsible for this action is 
acid phosphatase, an enzyme which de Duve, 
Pressman, Gianetto, Wattiaux & Appelmans (1955) 
have demonstrated to be associated with the 
particle termed by them ‘lysosome’. In this con- 
nexion two aspects of the present work are 
significant. One is that the activity induced by 
DNP, whilst accelerating the breakdown of adeno- 
sine triphosphate, at the same time has no effect on 
the phenyl phosphates. Secondly, the type of 
mitochondrial preparation 
contain some of these lysosomes. 

It is admitted that this paper presents no 
evidence that DNP acts by accepting phosphate 
from high-energy phosphorylated inter- 
mediate formed during the process of oxidative 
phosphorylation. However, it can be said that, 
inasmuch as this hypothesis has previously been 
rejected on the grounds of stability of dinitro- 
phenyl phosphate, this work indicates that such an 
argument is capable of revision. Evidence for the 
stability of dinitropheny] phosphate itself is lacking 
because of the difficulty of preparing this com- 
pound, but this very difficulty provides some indi- 
cation of the chemical instability of this substance. 
Also by analogy with the phenyl phosphates 
described here it is likely that the hydrolysis of 
this compound in the presence of mitochondrial 
enzymes would be rapid. 


used may possibly 


some 


SUMMARY 


1. Of aseries of nitro- and halogeno-phenols, it is 
shown that qualitatively there is a resemblance to 
2:4-dinitrophenol with respect to the action 
towards rat-liver mitochondria. 

2. Quantitatively, it is further 
that these compounds can be divided into two 
groups based upon the characteristics of their 
behaviour towards oxidative phosphorylation, 
oxidation of glutamic acid and release or activation 
of latent adenosine triphosphatase. 

3. There is a correlation between activity of 
these compounds in vitro and their dissociation 
constants which is modified by nitro groups ortho 
to the hydroxyl group. 


demonstrated 


4. The hydrolysis of some of the corresponding 
nitro- and halogeno-pheny1 phosphates is described. 
5. The results are discussed. 


PHENOLS AND LIVER MITOCHONDRIA 
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In order to study the chemical properties and the 
nature of phosphatase it is of prime importance to 
obtain pure preparations, especially in work con- 
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purification include fractionation with organic 
solvents (Kabat, 1941; Abul-Fadl et al. 1949; 
Mathies, 1951; Arai, 1956), precipitation with 
ammonium sulphate (Abul-Fadl et al. 1949; 


cerned with tests for a coenzyme or prosthetic 
In this connexion, numerous hypotheses 
have been advanced based on results with pre- 
parations of low purity, and their confirmation 
with the pure or a highly purified enzyme is called 
for. 

It has been known for some time that kidney 
alkaline phosphatase is associated with insoluble 
cellular particles (Kabat, 1941; Morton, 1950, 
1954, 1955; Mathies, 1951). Its purification de- 
mands a previous solubilization to liberate it from 
lipids or phospholipids, and a subsequent separa- 
tion of non-enzymic protein material. This last 


group. 


process is difficult because the inert proteins which 
accompany the enzyme usually display similar 
properties. 

The solubilization 
achieved by 


of the enzyme has _ been 
procedures. The original 
method for the extraction of phosphatases from 
animal tissues by controlled autolysis (Albers & 
Albers, 1935) has been employed 
authors. This procedure has frequently 
accompanied by a simultaneous or separate treat- 


several 


by several 
been 


ment with proteolytic agents, such as trypsin or 
pancreatin (Bodansky, 1937; Abul-Fadl & King, 
1949; Abul-Fadl, King, Roche & Thoai, 1949; 
Mathies, 1951; Roche & Bouchilloux, 1953; Arai, 
1956). Morton (1950, 1954) considers that these 
treatments are unsuitable, for during their applica- 
tion alterations of the native structure of the 
enzyme can take place, even without any loss of 
activity. it is difficult to confirm or discard this 
hypothesis, and controlled autolysis is undoubtedly 
a good method for enzyme extraction. Morton 
(1950, 1955) has introduced the use of butanol in 
the solubilization of enzymes in general, and has 
employed it with success in the purification of 
alkaline phosphatases from the intestine (Morton, 
1954) and from milk (Morton, 19536). The applica- 
tion to kidney phosphatase of the method employed 
for the purification of intestinal phosphatase did 
not yield good results, but this does not exclude the 
effectiveness of butanol in the solubilization and 
purification of kidney enzyme. In the procedure to 
be described controlled autolysis and treatment 
with butanol have both been adopted. 

Once the enzyme is in solution, the methods 


employed by several authors for 


subsequent 


Mathies, 1951) and adsorption of impurities with 
several materials (Roche & Bouchilloux, 1953). 
Electrophoresis, in different forms, has also been 
employed in the purification of alkaline phos- 
phatases. Roche & Bouchilloux (1953) and Lora- 
Tamayo & Elorriaga (1956) purified intestinal 
alkaline phosphatase by paper electrophoresis. 
Carlson (1954) has studied column electrophoresis 
of kidney alkaline phosphatase, employing starch 
as support. Harris & Mehl (1955) describe electro- 
phoresis in agar gel and Mathies (1952) has 
obtained a good purification of kidney alkaline 
phosphatase by convection electrophoresis in a 
Kirkwood apparatus. Nevertheless, several of 
these authors (Carlson, 1954; Harris & Mehl, 1955) 
point out a progressive inactivation of the enzyme 
in the course of electrophoresis, attributed to the 
loss of a metal or a coenzyme. Experiments 
carried out by the authors (E. F. Alvarez & M. 
Lora-Tamayo, unpublished work) on column 
electrophoresis of kidney alkaline phosphatase, 
with a cellulose-powder support, also reveal an 
inactivation of the enzyme, due not to the loss of 





magnesium but to some group with absorption in 
the ultraviolet-light band and of a non-peptide 
Lately, Arai (1956) has shown. that 
phosphatase, inactivated by  electro- 
phoresis, can be reactivated by incubation in 
sodium carbonate—bicarbonate buffer. 

These various methods have yielded kidney 
phosphatase preparations of different purities but 
none has been pure, and knowledge of the bio- 
logical functions, action mechanisms and nature of 


nature. 
alkaline 


the enzyme has been gathered from work with 
these impure preparations. 

The procedure we describe for obtaining the 
enzyme has been studied in detail. In drawing it 
up we have examined the different purification and 
fractionation techniques for proteins and enzymes 
such as ion-exchange chromatography (Amberlite 
IRC-50, IR-120, IRA-410; Dowex-2), column 
electrophoresis with cellulose-powder support and 
tryptic digestion. Each of the purification steps 
has been closely examined before inclusion in the 
method, and in Table 1 we summarize the pro- 
cedure finally adopted, together with specific 
activity and yields at each stage. 
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Table 1. Summary of the purification process of kidney alkaline phosphatase 
Yo pure, 4 ; y F iF 
The results of each operation are described in Tables 2-7. Specific activity is defined in the Materials and Methods 
' I Y 
section. The yield is expressed as a percentage of the amount of enzyme used in the operation. 
J p I g ; I 
Step no. Operation Specific activity Yield (% 
1 Controlled autolysis at pH 8, filtration 97-320 - 
or centrifuging 
2 Precipitation with 60% (v/v) acetone 570-860 60-92 
and treatment with butanol 
aAnic 3 Fractionation with acetone (0-45 %, v/v) 2 500 93 
49; 4 Fractionation with ammonium sulphate 8 300 98 
vith at pH 8, between 1-95 and 2-92M 
)49: 5 Adsorption of impurities on magnesium 15 000-16 000 102 
vith carbonate 
53) 6 Chromatography on calcium phosphate 30 000 40-50 
; and dialysis 
een - - ae : 
7 Adsorption of impurities on activated 42 000 98 
stl carbon 
oe 8 First fractionation with ethanol at 85 000 100 
inal pH 8, between 50 and 65% (v/v) 
sis. 9 Second fractionation with ethanol, at 166 000 73 
esis pH 8, between 54 and 62% (v/v) 
reh — - —— _ - — _ 
tro- We have considered it convenient to express the Benedict’s qualitative reagent, and the volume was 
has yields in terms of each purification step, and not as adjusted to 2-7 ml. with m-sodium hydroxide. After 15 min. 
line total yields related to the starting material, owing the extinction is read against a blank with water instead of 
. ‘ : protein solution. 
bs to the fact that the material prepared in each ad si ‘ : 
f Se : h 1 | 1 With purified preparations, both the relation mg. of 
a puriteation ep BOS Roe Seay See Se protein/ml. = Logo m4/1-49> and Kalckar’s (1947) formula mg. 
55) fully in the next step. of protein/ml. =1-45 ogo my —0°70 Ee6oiny» Yield good 
eini Under optimum conditions, the purest material results. To express protein in terms of protein N, the factor 
the obtained liberated 166 mg. of phosphorus/mg. of — 1/6-25 has been used. 
nts nitrogen/min., with sodium £-glycerophosphate as Determination of enzymic activity. This has been deter- 


M. substrate. Its purity, as judged by paper electro- mined under optimum conditions (Alvarez, 1956) against 
mn phoresis, is from 85 to 90%, and it shows only one 20 mm-sodium B-glycerophosphate (British Drug Houses, 
se, active component with a trace of another protein of Ltd.), 10 onus. capeinen a = . medium buffered 
: : : cae aia ; . with 50 mm-sodium veronal, pH 9-9. For each determina- 
an a slightly higher mobility. Examination of the ; fs Sa yaa geen Se a ees 
of solubility of this preparation in aqueous ethanol = - ene : mes eee cckution a 
: : : — : : L p taken, and kept in a thermostat for 5-15 min. at 38°. Next 
in showed that it was possible to achieve a slightly 9.5 ml. of enzyme solution, suitably diluted with water, is 
de greater specific activity by making a third fraction- added, and the reaction is allowed to proceed for 5-15 min. 
at ation between narrower limits than those set by The enzymic activity is stopped by addition of 2 ml. of 
0- 54-62% (v/v) of ethanol. However, this is not 25% (w/v) trichloroacetic acid. After filtration (if neces- 
in advisable, as the yield decreases considerably. Ten sary) the inorganic phosphorus is determined. Filtration is 
kilograms of pig kidneys were used in this work and needed only with very impure preparations. Determina- 
ey 12-4 mg. of protein material with the above men- tions must be made immediately after diluting the enzyme, 
i tioned specific activity was obtained. for very dilute aqueous solutions are unstable. Not more 
" ‘ than 5% of the substrate should be allowed to hydrolyse; 
otherwise the determinations must be repeated with a 
of EXPERIMENTAL AND RESULTS more dilute enzyme solution. Under these conditions the 
th g substrate hydrolysis is strictly proportional to the concen- 
General methods tration of the enzyme and to time (Alvarez, 1956). 
ne Determination of proteins and protein nitrogen. Unless In agreement with Roche & Bouchilloux (1950, 1953) and 
it otherwise indicated, the procedure adopted is an adaptation Morton (1953a) the enzyme unit adopted is expressed as 
id of the microbiuret method described by Goa (1953). A the amount of enzyme which, under optimum conditions, 
ag preliminary calibration curve was constructed with crystal- hydrolyses lug. of P/min. The specific activities are ex- 
Le line bovine-serum albumin (Armour and Co., Chicago, Ill., pressed in yg. of P hydrolysed/min./mg. of protein N 
a U.S.A.) and checked against Ma & Zuazaga’s (1942) micro- (units/mg. of N). 
1 Kjeldahl method. The differences were never greater than Inorganic phosphorus. This was determined colorimetric- 
; 3%. The method allows determination, with sufficient ally (Briggs, 1924) with a Leitz photocolorimeter. 
~ precision, of 50-100 yg. of protein, when the reaction is Solubility curves. These were obtained by using constant 
10 carried out in a total vol. of 2-7 ml. and lem. cells are amounts of solution (0-5-1 ml. with 1-4 mg. of protein/ml.) 
p used for the extinction readings in a Beckman DU spectro- with variable concentrations of the precipitating agent. 
ic photometer at 330 my. The determinations were made in After 3-6 hr., at 0°, the precipitates were centrifuged and 


duplicate with 0-5-1-5 ml. of protein solution, 0-2 ml. of 


redissolved at fixed volumes (2-4 ml.) in water or 10 mm- 





314 K. 


sodium bicarbonate. Protein and enzymic activity in each 
tube were then determined, and the curves for each of these 
variables drawn as a function of the concentration of the 
precipitating agent. The determination of the solubility 
curve has always preceded any precipitation step, and it 
has been taken as a base on which to establish the optimum 
concentrations of the precipitating agent in fractionation. 

Paper electrophoresis. These tests have been carried out in 
a Grassman-Hannig apparatus (Grassman & Hannig, 
1952) with Franz Bergmann paper (Franz Bergmann K.-G., 
Berlin-Zehlendorf; 7 cm. x 40 cm.), with sodium veronal 
HCl buffer (pH 8-6; 7, 0-05) during 14-16 hr. at 175-200v 
(24ma). Development, determination of activity and 
construction of the fractionation curve were undertaken as 
described by Lora-Tamayo & Elorriaga (1956). In every 
test a control containing crystalline bovine-serum albumin 
was employed and relative mobilities were determined in 
respect to it, by analogy with R in paper chromatography. 

Preparation of adsorbents and chromatographic techniques. 
The magnesium carbonate employed was obtained by pre- 
cipitating 0-5M-magnesium chloride with 0-5m-sodium 
carbonate. The precipitate was filtered off on a Biichner 
funne! and washed with 25 mm-sodium carbonate until all 
chloride was eliminated. The preparation was then sus- 
pended in a 25 mm-sodium carbonate—bicarbonate buffer 
(pH 9) and stored for use. 

Specially activated carbon for the adsorption of nucleo- 
tides was prepared from active carbon (E. Merck, Darm- 
stadt, Germany) according to Morton (19535). 

Calcium phosphate (hydroxyapatite) for column chro- 
matography of proteins was prepared according to Tiselius, 
Hjertén & Levin (1956). The only difference in behaviour 
between the freshly prepared material and that kept during 
several months in mm-sodium phosphate buffer (pH 6-8) is 
that, with old preparations, the columns are more compact 
and the rate of flow is lower. The chromatographic tech- 
nique with this material has been described by Tiselius 
(19544, b, 19554, b) and Tiselius et al. (1956) and it has been 
used without making any fundamental modifications. 
Column elution was effected by increasing the ionic strength 
of the eluting phosphate buffer in a continuous form or 
with suitable linear or curved gradients, obtained according 
to Drake (1955). It has been determined experimentally 
that these check with the equations given by this author. 
Each one of the elution techniques described has both 
advantages and disadvantages, which have been already 
pointed out by Tiselius et al. (1956). For preparative-scale 
work, we adopted the gradient-elution technique. 


Table 2. 


Expt. Units 
no. Material ml. 
ey : First 374 
I Autolysis of 5 kg. of extracnn 
kidneys and washing of ‘| | ; 
residues Second — 116 
extraction 
It Autolysis of 5 kg. of (First 348 
kidneys (4-45 kg. of extraction 
slurry) and washing of | Second 132 


residues \ extraction 
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Preparation and purification of the enzyme 


(1) Autolysis. We used the procedure recommended by 
Abul-Fadl et al. (1949) but the operation was carried out at 
pH 8. Fresh pig kidneys, deprived of their capsules, are 
sliced longitudinally and fat is removed. The material is 
washed two or three times with water and put through a 
mincer. The slurry thus obtained is suspended in 1 1. of 
25% (v/v) aqueous acetone and 100 ml. of a mixture of 
equal parts (v/v) of ethyl acetate and toluene/kg. The 
mixture is adjusted to pH 8 with conc. sodium carbonate 
solution and kept at room temperature for 2-3 days with 
Autolysis sets in after 3-4 hr. with 
liberation of acid substances, and it is therefore necessary 
to add sodium carbonate frequently to maintain the pH 
between 7-5 and 8-5. If this precaution is not observed, the 
pH falls to around 5-6 and activity decreases. After 48 hr. 
the pH is stable and autolysis is considered to be ended. 
The mixture is passed through a sieve or cloth and the solid 
residue extracted for 24 hr. with 0-2-0-3 of the volume 
employed before. The two filtrates are combined and centri- 
fuged in a Sharples Supercentrifuge (Expt. I) or filtered off, 
under vacuum, through a layer of paper pulp 2-4 em. thick 
(Expt. II). The filtrate is greenish red or reddish, depending 
on the efficiency of the preliminary washing of the material. 
Lots of 5 kg. of kidneys were used to start at once. More 
than this weight is difficult to handle at this step. Table 2 
summarizes two different extractions. 

(2) Aceione precipitation and treatment with butanol. The 
solutions obtained according to step 1 are cooled to —5° in 
a bath of ice and salt, and for each litre of solution 1-5 1. of 
rectified acetone, precooled to between —10 and — 15°, is 
added with continuous stirring. The temperature increases to 
about 0°. The precipitate is left to sediment for about 12 hr., 
the supernatant liquid is poured off and the remainder 
filtered through paper in a funnel (25-30 cm. diam.). The 
precipitate is then washed with 60% (v/v) acetone, drained 
and suspended in 50 mm-sodium carbonate—bicarbonate 
buffer (pH 9). 

Rectified butanol, to 25% (v/v) concentration, is added 
slowly, with stirring, to the suspension and the mixture is 
heated to 35-37° in a water bath and held at this temper- 
ature for 5-10 min. It is then cooled in tap water and in an 
ice bath. Then it is filtered under vacuum through paper 
pulp and the residue is washed with the carbonate buffer. 
The dark-yellow or reddish filtrate is extracted two or three 
times with freshly distilled, peroxide-free ether to remove 
butanol. Table 3 summarizes two different experiments. 


occasional stirring. 


Extraction of kidney phosphatase by autolysis 


Total Protein 

Volume units N Specific 
(ml.) (x10-%) (mg./ml.) activity Colour 
4700 1758 1-17 320 Greenish yellow 
1350 157 1-62 71 Yellow 
6050 1915 206 
4850 1688 3°57 97 Ruby-red 
2220 293 0:77 172 Yellow 


7070 1981 103 
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(3) Fractionation with acetone. Fractionation with 
acetone of the preparations obtained after step 2 showed 
that after precipitation between 0 and 45% (v/v), the 
enzyme was recovered quantitatively with a threefold 
purification. Only a small amount of material precipitated 
before 35% (v/v). 

The enzyme solution obtained in the previous step is 
cooled to —5° in a salt-and-ice bath. Rectified acetone, 
precooled to between —10° and — 15°, is slowly added with 
continuous stirring (820 ml./l.). The suspension is left at 
0° during 12hr. Supernatant liquid is then suctioned 
off, and the precipitate centrifuged or filtered off through 
paper. 

The precipitate is suspended in 50 mm-sodium carbonate— 
bicarbonate buffer (pH 9) and after stirring mechanically 
during 30-60 min. it is then vacuum-filtered through paper 
pulp 1-2 cm. thick. The solution thus obtained is reddish 
yellow. The diagram of precipitation with acetone after 


3000 


2000 


(% of total) 


1000 


Precipitated protein or activity 


Specific activity 





20 30 40 50 60 70 
Acetone (%, v/v) 

Fig. 1. Acetone precipitation of the kidney alkaline phos- 
phatase preparation obtained after step 2 (see text). 
Conditions were as described in the text. @, Protein; 
O, activity; A, specific activity. 


Table 3. Precipitation of phosphatase with acetone and treatment with butanol 
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step 3 (Fig. 1) shows that further fractionation is not useful. 
Table 4 summarizes one of these operations. 

(4) Fractionation with ammonium sulphate. The solubility 
diagrams against ammonium sulphate of the preparation 
obtained in step 3 revealed the presence of at least three 
easily separable components. Enzymic activity 
associated with the one precipitating between 1-95 and 
2-92M-ammonium sulphate. Recovery is quantitative and 
a threefold purification is possible. 

Fractionation is carried out in a graduated beaker at 0 
through the addition, in small portions, of ammonium 
sulphate until the suspension attains 1-95m in SO,?~ ions. 
After each addition of the reagent the pH is checked, for it 
must be kept around 8 by the addition, drop by drop, of 
dilute aq. NH, soln. The precipitate is separated by filtra- 
tion or centrifuging and, observing identical precautions, 
the solution is brought to 2-92 in SO,?- ions. After separa- 
tion of the precipitate the last solution is discarded. 

Both precipitates are dissolved separately in 25 mm- 
carbonate-bicarbonate buffer (about pH 9) and the solu- 
tions are filtered or centrifuged. Table 5 summarizes the 
process, 

The enzyme solution obtained preserves all of its 
activity for months if it is kept at 0° with a few drops of 
toluene. In this state, an inert protein precipitate separ- 
ates and specific activity attains 10000 units/mg. of 
protein N. The solubility diagram against ammonium 
sulphate (Fig. 2) shows that further purification with this 
reagent is impossible. 

(5) Adsorption of inert material on magnesium carbonate— 
The enzyme solution obtained according to step 4 is 
dialysed for 12hr. at 0-5° against 25 mm-carbonate— 
bicarbonate buffer (pH 9). It is next cooled in ice and, 
during stirring, an excess of magnesium carbonate is 
added. The magnesium carbonate suspension, prepared as 
described above, was filtered on a Biichner funnel and 
about 50g. of the cake was used in the experiment in 
Table 5. The enzyme is not adsorbed on this material. 
After contact for 30-60 min. the suspension is filtered 


was 


Total Protein 
Expt. Units Volume units N Specific Yield 
no. Material (ml.) (ml.) (x 20-9) (mg./ml.) activity (%) Colour 
I Initial 316 6050 1915 1-27 250 - — 
Final 986 1790 1764 1-74 569 92 Dark yellow 
II Initial 280 7070 1981 2-73 103 . — 
Final 701 1680 1178 0-82 855 60 Dark yellow 
Table 4. Fractionation of phosphatase with acetone 
Total Protein 
Volume units N Specific Yield 
Material Units/ml. (ml.) ( x 10-%) (mg./ml.) activity (%) Colour 
Initial 848 3470 2930 1-30 653 -- 
Final 3900 700 2730 1-58 2470 93 Reddish yellow 
Table 5. Fractionation of phosphatase with ammonium sulphate 
Total Protein 
Volume units N Specific Yield 
Material Units/ml. (ml.) ( x 107) (mg./ml.) activity (%) Colour 
Initial 3 900 700 2730 1-58 2470 - 
a (0-1-95M 438 251 109 2-00 219 4 Reddish yellow 
Final | 1.95-2-92 13 440 200 2688 1-62 8300 98 Salmon 


2797 
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under vacuum through paper pulp and the residue washed 
with the same buffer. Table 6 summarizes the results. 

This purification step can be omitted, the procedure 
being as indicated under step 6, for its main object is the 
elimination of that inert material which has an electro- 
phoretic mobility similar to that of serum albumin and 
which separates well from the enzyme by chromatography 
on calcium phosphate. 

(6) Chromatography on calcium phosphate (hydroxyapatite). 
The enzyme solution, treated or not according to step 5, is 
dialysed for 24 hr. at 0° against a solution 5 mm in Na,HPO, 
and 0-2 mm in Na,CO,. It is then applied to a hydroxy- 
apatite column, prepared according to Tiselius et al. (1956), 
cooled to about 0° and equilibrated with the phosphate— 
carbonate solution. The column employed was 2-5 cm. > 
16 cm. (retention volume about 60 ml.). These columns 
have a great adsorptive capacity, and the one employed is 
sufficient to chromatograph several grams of material 
without achieving saturation. 

Elution is carried out with a curved gradient (Drake, 
1955), obtained with a closed mixture chamber of 120 
250 ml. capacity according to the amount of material to be 
chromatographed. It is charged with a solution 5 mm in 
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Fig. 2. 
alkaline phosphatase preparation obtained after step 4 
(see text). Conditions were as described in the text. 
@, Protein; O, activity. 


Ammonium sulphate precipitation of the kidney 
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Na,HPO, and 0-2 mm in Na,CO, and fed with a solution of 
25 times this strength. Finally, elution with 0-2m-Na,HPO, 
is effected at room temperature in order to regenerate the 
column and eliminate inactive material. 

The eluate is taken in 3-5-4 ml. fractions and the deter- 
mination of its extinction at 280 my is carried out in a 
Beckman DU spectrophotometer. These chromatographic 
fractions are gathered conveniently in accordance with 
their content of protein. They are then dialysed against 
distilled water at 0-5° until elimination of phosphate ions is 
achieved (2-3 days), and finally, against 10 mm-sodium 
bicarbonate (12 hr.). During dialysis the separation of 
needle crystals takes place. They are magnesium phosphate 
crystals with a small amount of occluded protein, but they 
have no enzymic activity. Similar crystals are also formed 
when the solutions obtained in the first purification steps 
are kept a few days at 0°. Albers & Albers (1935), Abul- 
Fadl et al. (1949), Abul-Fadl & King (1949), Arai (1956) and 
Mathies (1951) have reported similar results. 

Excepting that one which elutes with 0-2m-Na,HPO, 
(coloured fraction), all of these fractions are active. The 
most important fraction, with about 30000 units/mg. of 
protein N, represents about 40-50 % of the activity applied 
to the column. It elutes in a large volume, giving very 
dilute fractions, starting from a 0-09 M-phosphate ion con- 
centration under the conditions shown. The other fractions 
display activities lying between that value and 3000 units 
mg. of protein N and have not been further studied. 

The total recovery of activity is around 85-95% and 
that of protein material of the same order. Table 7 sum- 
marizes one of the operations in which the material 
employed was not previously treated according to step 5. 

The most active fraction (about 30000 units/mg. of 
protein N) can be concentrated by adsorbing it on a 
hydroxyapatite column and eluting with 0-15M-0-2m- 
Na,HPO,. It behaves as if it were homogeneous and does 
not tolerate a subsequent chromatographic fractionation. 
Nevertheless it is preferable to proceed to its concentration, 
precipitating it with an excess of acetone at -—5°. The 
mixture is left to stand for 2448 hr. at 0° and the pre- 
cipitate is separated by centrifuging. Next it is washed 
with cold acetone and dried under vacuum over phosphoric 
oxide at 0°. The preparation is stable and can be kept in 
this way to mix with material obtained in further pre- 
parations. 

(7) Adsorption of impurities on activated carbon. The pre- 
paration obtained according to step 6 is dissolved in 0-01 m- 


Table 6. Adsorption of inert material on magnesium carbonate 


Total Protein 
Volume units N Specific Yield 
Material Units/ml. (ml.) ( x 10-3) (mg./ml.) activity (%) Colour 
Initial 11 200 175 1960 1-10 10 200 — Salmon 
Final 7 700 260 2000 0-48 16 000 102 Yellow 
Table 7. Chromatography of phosphatase on calcium phosphate 
Total Protein 
Volume units N Specific Yield 
Material Units/ml. (ml.) ( x 10-3) (mg./ml.) activity (%) Colour 
Initial 5720 22 125-8 0-620 9 380 -- 
(I 271 92 24-9 0-072 3 769 19-8 } 
IT 102 45 4-6 0-010 10 200 3-7 Gal winelben 
Final fractions JIII 234 130 30-4 16 200 24 cae 
Iv 270 203 54:8 0-009 30 000 43-5 ; 
iy —- 170 — — — — Reddish yellow 
114-7 91-0 
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sodium bicarbonate. The precipitate does not dissolve 
completely as it is made up partly of scarcely soluble 
mineral salts. The solution is cooled to 0°, and 5 mg. of 
active carbon/mg. of protein in solution is added with 
A higher proportion of adsorbent irreversibly 
eliminates activity. Stirring is continued for 20-30 min. 
and the solution is then centrifuged. Table 8 summarizes 


Units/ml. 


14 900 
11 300 


43 000 


32 800 


3 300 
25 000 
5 800 








12 


Conditions were as described in the text. 
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(8) First fractionation with ethanol. The solubility curve 
against ethanol of the solution obtained in step 7 indicates 
that a twofold purification is achieved by fractionation 
between 50 and 65% (v/v) of ethanol with quantitative 
recovery of activity. 

The enzyme solution is cooled to 0° in an ice-bath and 
1 ml. of absolute ethanol/ml. of solution is added, with 
stirring, drop by drop. The suspension is left to stand for 


Adsorption of impurities on activated carbon and fractionation with ethanol 


Total Protein 
units N Specific Yield 
(10-8) (mg./ml.) activity (%) Colour 
484 0-450 33 100 ) Pal i 
r aie Veuow 
475 0-270 41 800 98} J 
473 0-502 86 000 100 
452 0-380 86 300 - Colourless 
19-8 0-020 165 000 4 | 
313 0-150 166 000 69 
75-4 0-270 21 500 17 - 


408-2 90 


Protein (arbitrary units) 





(9) 






Albumin 


Protein (arbitrary units) 


0 2 4 6 8 10 12 14 


Displacement (cm.) 


Fig. 3. Paper-electrophoresis diagrams of kidney alkaline phosphatase preparations at different stages of purification. 
Relative mobility against crystalline bovine-serum albumin. In the 
following, figures in parentheses represent percentage of total protein. Protein, —; activity, ---. (a) Preparation 
after step 4: specific activity 8300 units/mg. of protein N; p,,=0-52 (45%); upp =0°62 (830%); w,¢=0-92 (25%). 
(6) Preparation after step 6: specific activity 30000 units/mg. of protein N; p,,=0-25; u,_p=0-38; pp 0-46. 
(c) Preparation after step 8: specific activity 85 000 units/mg. of protein N; u,, =0-36 (active component) (50%); 
Hrp =0-52 (45%); wpp-=0-59 (5%). 


(d) Preparation after step 9: specific activity 166 000 units/mg. of protein N; 


0-43 (active component) (85-90%); yp 


0-56 (10-15%). 
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24 hr. at 0° and then centrifuged. A further 0-86 ml. of 
absolute ethanol/ml. of the original solution is then added 
to the solution and, after leaving it to stand for 24—48 hr. 
at 0°, the precipitate is centrifuged. The solution is dis- 
carded and the precipitates are redissolved in 0-01M- 
sodium bicarbonate. Table 8 summarizes the operation. 

(9) Second fractionation with ethanol. The enzyme solution 
is cooled to 0° and fractionated between 54 and 62 % (v/v) 
in ethanol. First, 1:17 ml. of absolute ethanol/ml. of 
solution is added, and the precipitate separated by centri- 
fuging, after leaving the suspension to stand for 24 hr. at 
0°. Then, 0-46 ml. of ethanol/ml. of the original enzyme 
solution is added and the precipitate separated as before. 
Finally, the solution is treated with an excess of absolute 
ethanol and the precipitate recovered. 

The three precipitates are redissolved in 0-01m- 
sodium bicarbonate. Table 8 summarizes the operation 
described. 


Analysis and absorption spectrum 
of the purified enzyme 


Electrophoretic analysis. It is known that electrophoresis 
inactivates alkaline phosphatase (Carlson, 1954; Harris & 
Mehl, 1955; E. F. Alvarez & M. Lora-Tamayo, unpublished 
work). Nevertheless, in the course of kidney phosphatase 
purification, we have considered as a criterion of purity, 
not only the increment of specific activity but alsc the 
protein composition of the preparation obtained, which was 
established by paper electrophoresis. Fig. 3 shows the 
diagrams obtained for preparations of varying degrees of 
purity. As can be deduced from these diagrams, inert 
material which goes along with the enzyme is made up 
mainly of proteins of very similar electrophoretic mobilities. 
They are very close to those of B and y serum globulins. 
Because of this, preparations corresponding to that of 
diagram (a) (8300 units/mg. of protein N) could be deemed 
45% pure, when the fact is that they are much less pure. 
The purest preparation obtained (diagram d) is made up of 
85-90 % enzymic component and traces of an inert protein 
of somewhat greater mobility. It is impossible to affirm 
that the preparation is equally pure in absolute terms, for 
the purity of a protein or enzyme can be judged only in a 
relative way, and cases are known in which a product 
found to be homogeneous by electrophoresis is not so when 
examined by another analytical technique. Nevertheless, 
high specific activity (166 000 units/mg. of protein N), the 
characteristics of the solubility curves obtained and the 
results of electrophoretic analysis lead us to suppose that 
the preparation is practically pure. 

Ultraviolet-absorption spectra. 
ultraviolet-light spectra obtained in a Beckman DU 
spectrophotometer (lcm. cells) with preparations of 
kidney phosphatase in different stages of purification with 
0-01 M-sodium bicarbonate solvent. 

All the preparations contain a substance with an 
absorption maximum at about 260 my, which is partly 
masked by the absorption due to protein, the maximum of 
which is 278-280 my. The substance, which is probably a 
pyrimidine nucleotide, is not eliminated from the purified 
enzyme after dialysis for 30 hr. at 0° against 0-01 M-sodium 
bicarbonate. 


Figs. 4 and 5 show the 


The quotient E59 4,/L260 my, for the purified enzyme is 
1-15. The extinction coefficient for 280 my in a 1 cm. cell is 
1-39 and 1-20 for 260 mp, for a solution with 1 mg. of 
protein/ml. 
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DISCUSSION 
Purification of the enzyme 
The procedure described for the purification of 
kidney phosphatase requires a brief commentary 
and a comparison with other methods previously 
employed. 

In opposition to the results obtained by Mathies 
(1951) in the extraction of kidney enzyme by 
autolysis, we must report that the modified Albers 
& Albers (1935) method has proved very efficient 
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Fig. 4. Ultraviolet-absorption spectrum of kidney alkaline 
phosphatase preparation after step 8 of purification. 
Specific activity, 85 000 units/mg. of protein N. Solvent 
0-01m-sodium bicarbonate. Protein concentration, 
0-45 mg./ml. Maxima at 260 and 278 mu. 
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Fig. 5. Ultraviolet-absorption spectra of kidney alkaline 
phosphatase preparation after step 9 of purification, 
with 0-01m-sodium bicarbonate as solvent. Specific 
activity, 166 000 units/mg. of protein N. Curve I, non- 
dialysed material; curve II, after dialysis for 30 hr. at 0 


against 0-01mM-sodium bicarbonate. Protein concentra- 


tion, 0-7 mg./ml. Maxima at 260 and 278 mu. 
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without having recourse to the addition of pan- 
creatin. Nevertheless, a careful control of pH is 
necessary. This must be kept at about 8. If this is 
not done, the yield of enzyme decreases to 3 
5x 105 units/5 kg. of kidneys, probably owing to 
acid inactivation of the enzyme. It is not possible 
to advance definite figures for the efficiency of the 
extraction, because the total activity in the 
starting material has not been determined. But if 
we compare liberated activity/kg. of kidney with 
the data reported by Mathies (1951) and by Arai 
(1956) a yield of 40-50 % is deduced. 

The only other purification step which requires 
further mention is chromatography on hydroxy- 
apatite. There is the precendent that the use of 
calcium phosphate is not to be recommended in the 
purification of alkaline phosphatase because 
adsorption is accompanied by partial inactivation 
by denaturation. However, hydroxyapatite pre- 
pared according to Tiselius et al. (1956) reveals 
conditions for protein chromatography which are 
not shown by other calcium phosphate prepara- 
tions. Our experiments show that this material 
allows of a practically quantitative recovery of 
activity, operating at about pH 8-9. At lower 
values adsorption may entail denaturation, even 
though the enzyme is more weakly adsorbed. 
Addition of sodium carbonate to the disodium 
phosphate employed as a solvent in chromato- 
graphy allows of a greater control of pH with 
solvent dilution. Nevertheless, the presence of this 
reagent modified the phosphate ion concentration 
necessary for the elution of the enzyme with R=1 
(elution concentration). Within the limits of experi- 
mental error, a linear relationship between elution 
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Fig. 6. Chromatography of kidney alkaline phosphatase on 
calcium phosphate columns. Variation of phosphate ion 
concentration necessary for elution of the enzyme with 
R=1, with the molar ratio [Na,HPO,] :[Na,CO,] in the 
eluent. 
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concentration and the molar ratio (Na,HPO,): 
(Na,CO,) in the eluent (Fig. 6) is found so that the 
enzyme can be eluted at any desired phosphate ion 
concentration merely by setting the value of the 
molar ratio mentioned above. In the preparation 
described this ratio was 25, and the enzyme elutes 
with R=1 at a 0-085—-0-09M-phosphate ion concen- 
tration. The above results, showing a deactivation 
effect of the CO,?- ions on the calcium phosphate, 
are in accordance with the suggestion of Tiselius 
et al. (1956) that the mechanism of the chromato- 
graphy of proteins on this material is essentially an 
ion-exchange process, dependent on the affinity of 
proteins for calcium ions. 

The separation of several fractions displaying 
enzymic activity in the course of chromatography 
is probably due to enzyme adsorption on inert 
proteins. However, we can not exclude the possi- 
bility of the existence of more than one alkaline 
phosphatase. Results in support of this hypothesis 
have been published by Gomori (1952), Gryder, 
Friedenwald & Carlson (1955) and Arai (1956). 
This question is now being studied. 

The most active preparations of kidney alkaline 
phosphatase described up to 1956 are those of 
Morton (1954), with 6900 units/mg. of protein 
nitrogen, and Mathies (1952), with 940 King units/ 
mg. of protein nitrogen. [Schramm & Ambriister 
(1954) suggest 7-4 as the factor of conversion from 
the King unit to the unit employed in this paper, 
identical with that of Roche & Bouchilloux (1950, 
1953) and Morton (1953a). A King unit is the 
amount of enzyme which liberates 1 mg. of phenol 
from sodium phenyl] phosphate, under defined con- 
ditions, after 15 min. (Abul-Fadl et al. 1949).] 
Nevertheless Mathies (1954) has reported a specific 
activity of 15 200-16 800 units/mg. of protein 
nitrogen (about 90% pure by electrophoresis), 
although neither the method of preparation nor the 
yield is detailed. 

While this work was in progress, Arai (1956) 
published a thesis in which two very active pre- 
parations of kidney phosphatase are described. 
One of these shows 9500 King units/mg. of protein 
nitrogen [0-20% (v/v) fraction in ethanol, 87% 
pure by electrophoresis, 0-65 % yield], whereas the 
other has 5800-5900 King units/mg. of protein 
nitrogen [54:9-63:9% (v/v) fraction in ethanol, 
5 % yield]. The latter, much less pure than obtained 
by 
ethanol concentration. 


us, is precipitated, however, with the same 


On the existence of a coenzyme or 
prosthetic group 
The existence in alkaline phosphatase of a 


prosthetic group or coenzyme has been cited by 
Thoai, 1950; 


many investigators (Roche & 
Kutscher & Sieg, 1950; Zetterstrom, 1951; 
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Akamatsu & Kobayashi, 1951; Akamatsu & Aso, 
1951; Lora-Tamayo & Municio, 1951; Lora- 
Tamayo & Alvarez, 1954a, b; Hofstee, 1955; Lora- 
Tamayo & Elorriaga, 1956). In particular, Lora- 
Tamayo & Alvarez (1954a,b) and Lora-Tamayo 
(1956) have suggested that a nucleotide, derived 
from uridylic acid, may be a component of alkaline 
phosphatase, and in point of fact the spectra in the 
ultraviolet-light band of the most active prepara- 
tions obtained reveal the presence of a substance 
with an absorption maximum of about 260 my 
(Figs. 4, 5), 
uridine derivatives. These 
confirmed by Arai (1956), 
presence of ribose in his purest preparations. 

However, the aforementioned results do not yet 
exclude the possibility of an impurity difficult to 
and the existence of a presumptive 
coenzyme or prosthetic group is being sought with 
the purified enzyme. 


such as the one corresponding to 
results are, in part, 
who has detected the 


eliminate 


SUMMARY 


1. Kidney alkaline phosphatase has been ob- 
tained in a high degree of purity and with an 
acceptable yield. 

2. The method of purification includes nine 
steps: (1) autolysis; (2) precipitation with acetone 
and treatment with butanol; (3) fractionation with 
acetone between 0 and 45 % (v/v); (4) fractionation 
with sulphate; (5) adsorption of 
impurities on magnesium carbonate; (6) chromato- 
graphy on calcium phosphate columns; (7) ad- 
sorption of impurities on activated carbon; (8) 
fractionation with ethanol between 50 and 65% 
(v/v); (9) fractionation with ethanol between 54 
and 62% (v/v). 

3. Chromatography on calcium phosphate allows 
of the separation of several active fractions, eluted 
by different concentrations of phosphate ion. The 
existence of more than one alkaline phosphatase in 
the kidney seems probable. 

4. The most active product obtained liberates 
166 600 ng. of phosphorus/min./mg. of protein 
nitrogen from sodium f-glycerophosphate under 
optimum conditions. Electrophoretic 
shows that the preparation has a purity of 85-90 %. 


ammonium 


analysis 
5. The ultraviolet-light spectrum of the purified 
preparation reveals the presence of a substance 
with an absorption maximum around 260 muy, 
which is not eliminated by dialysis at neutral or 
alkaline pH. Although the existence of an ab- 
sorption maximum in the neighbourhood of this 
wavelength is characteristic of pyrimidine nucleo- 
tides, it is not clear if this represents a prosthetic 
group or an impurity extremely difficult to 
eliminate. 

We wish to express our thanks to Dr W. J. Whelan for 
the revision and suggestions for better clarity of the paper. 
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